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Preface

Operational productivity, reliability and safety of power generating plants are
strongly connected with effectiveness and behaviour of applied steam generator
system. It is especially crucial for nuclear power plants with two circuit heat ex-
change arrangement when only few millimeters of tube wall material separate the
primary and secondary circuits. Whereas the first circuit is connected with reactor
core and has high level of radioactive contamination, the tube integrity preserva-
tion is very important for ecological safety. In addition, it is necessary to note that
the steam generator components are exposed to permanent and simultaneous influ-
ences of high temperature, pressure, stresses and corrosion-erosion wear.

Therefore, the material degradation of steam generator components in a common
sense (united different corrosion phenomena, fatigue cracking, structure changes
and another fracture processes) is one of the most relevant and inseparable factor for
appearance of the leakage between the primary and the secondary circuits.

Because of long-term operation and fracture inevitability the role of nondestruc-
tive evaluation based on different physical phenomena for on-time defect detection
to prevent possible accidents is also very significant. At present, the eddy current
method became the most applicable for steam generator tube operational inspection
along the full tube length with application of different types of internal probes due
to many advantages in comparison with other methods.

By optimizing of the heat transfer, cooling and flaw processes on the base of theo-
retical simulation and computer codes the higher level of the nuclear power plant
efficiency and availability can be achieved.

This book consists of 19 chapters allocated between four parts:

Material degradation and fracture mechanismes,
Nondestructive evaluation and diagnostics,
Heat transfer and coolant flaw processes,
Safety and maintenance management.

The authors from different countries all over the world (Germany, France, Italy Ja-
pan, Slovenia, Indonesia, Belgium, Romania, Lithuania, Russia, Spain, Sweden, Ko-
rea and Ukraine) prepared chapters for this book. Such a broad geography indicates
the high significance of considered subjects.



XV Preface

The book is intended for practical engineers, researchers, students and other people
dealing with the reviewed problems. We hope that the presented book will be ben-
eficial to all readers and initiate further inquiry and development with aspiration
for better future.

In the name of all authors, I want to express our gratitude to publishing process
manager Ms. Ana Nikolic for patience and understanding

Dr. Valentin Uchanin

Karpenko Physico-Mechanical Institute of National Academy of Sciences
Department of Structural Fracture Mechanics and Material Properties Optimization
Lviv,

Ukraine



Part 1

Material Degradation
and Fracture Mechanisms






Degradations of
Incoloy 800 Steam Generator Tubing

Dumitra Lucan

Department of Corrosion and Circuits Chemistry,
Institute for Nuclear Research, POB 78, Pitesti
Romania

1. Introduction

In our days, the nuclear energy becomes more and more important. The efficient operation
of a Nuclear Power Plant (NPP) supposes the assurance of the performances established by
design for all entire life of the NPP key components. Steam Generator (SG) is one of the key
components for a NPP because this equipment assures the separation boundary between the
primary and secondary circuit and its unavailability suppose the NPP shutdown. The
synergetic action of the high pressures and temperatures, constraints (stresses, vibrations)
and the chemical parameters of the cooling agents make the steam generator susceptible for
more types of degradations. Because of the unavailability of the measures for monitoring
and mitigation of these degradations the performances of the steam generators decrease and
determine direct and indirect losses. The replacement of the steam generator is very
expensive and very difficult. For these reasons it becomes necessary the assurance of the
steam generator performances for the entire life established by design, 30 years with the
possibility of extension to 40 or 60 years.

The optimization of the steam generator operation, by implementation of the management
complex system for the monitoring of the operation processes, periodical inspections, and
preventive maintenance determine economies by order of hundreds of millions dollars, for
entire life of a nuclear power plant.

In this scope it is very important to intensify of the applicative research in the purpose of
establishing the newest solutions, methods, mechanisms in order to characterize the specific
processes for the operation of the steam generator. The principal objective of the research
consists in the establishing of the fundamental knowledge, theories, methods and models
necessary for qualitative and quantitative characterization of steam generator degradation
processes. The complementary research activity should be oriented towards the
management of ageing and, implicitly, towards the preservation of the steam generator
structural integrity.

The principal objective of the work presented in this chapter consists in the characterization
of specific processes and mechanisms referring to steam generator tubing degradation.

The specific objectives are the following: the establishment of the main corrosive
degradation mechanisms which contribute at steam generator tubing material (Incolloy-800)
failures; knowledge of the phenomena which appear in steam generator because of the
material/environment interaction; elucidation of corrosion product release, transport and
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deposition mechanisms in the secondary circuit of the steam generator, which depend by
physical-mechanical properties of materials and physical-chemical properties of thermal
agent (temperature, pressure, pH, electrochemical potential).

All steam generator tube failures result in the transfer of the radioactive materials from the
primary coolant circuit to the steam generator secondary circuit, and necessitate downtime
to locate and plug failed tubes. For the particular case of the CANDU plants, any steam
generator tube failure results in an additional economic penalty through the loss of heavy
water. Nearly all the failures were attributed to secondary side water chemistry conditions
and excursions, many of which resulted from condenser cooling water ingress.

The investigation of the structural materials corrosion in correlation with the water
chemistry, as well as the impurities and corrosion products concentration and deposition
and their removing from the CANDU steam generators is a very active field and both the
experimental works and the understanding of the mechanisms involved are submitted to
some rapid changes and permanently open to the research. To provide information about
the corrosion behaviour of the structural materials from CANDU steam generators under
normal and abnormal conditions of operation and to identify the failure types produced by
corrosion were performed a lot of corrosion experiments. These experiments consisted in
chemical accelerated tests, static autoclaving and electrochemical investigations.

The goal of this work consists in the assessment of corrosion behaviour of the tubes material,
Incoloy-800, at normal secondary circuit parameters ((temperature - 260°C, pressure -
5.1MPa). The testing environment was the demineralised water without impurities, at
different pH values regulated with morpholine and cyclohexylamine (all volatile treatment
- AVT).

The results are presented like micrographics and graphics representing weight loss of metal
due to corrosion, corrosion rate, total corrosion products formed, the adherent corrosion
products, released corrosion products, release rate of corrosion products and release rate of
the metal.

This work contributes to the establishing of causes that produced components degradation,
the knowledge of mechanisms degradation, evaluation of corrosion evolution in time by
extrapolation of obtained results and estimation of remaining safe operation life for the
nuclear power plant key-components.

The knowledge of corrosion behavior of structural materials of equipments from nuclear
power plants gives the possibility to effectuate of some correct diagnosis and following of
necessary measures to prevent and diminish the ageing process of which the evolution
supposes some considerable economic costs.

2. Types of corrosion specific to the steam generator

The maintenance operations in a Nuclear Power Plant are particularly complex and difficult
due to its specific nature. It is, therefore, necessary that by an appropriate design and a
proper choice of construction materials assisted by a correct operation, long operation
periods be ensured, (IAEA, 1997).

The important steps of a maintenance program for NPP related facilities are the
disassembling and the inspection of components in order to:

1. detect of the problems that occurred after the last inspection, including;:

a. the determination of their causes;

b. the notification of the supplier if a material defect is involved;



Degradations of Incoloy 800 Steam Generator Tubing 5

2. correct the actions proposal considering the estimated period that the component is still
able to operate, implying either the elimination of the main defect causes or the re-
design of the part.

implement corrective measures by:

the cleaning operations;

the repairs;

the replacement of the defective component, if possible by an upgraded one, if this
exists.

Maintenance should be done periodically, according to a pre-established plan. In this way,
besides repairing the known defects, others can be identified, as well as their causes and the
corrective actions required. Maintenance is especially difficult at nuclear facilities due to the
presence of radiation fields and to the complexity of the facilities.

The SG tubing degradation caused by corrosion and other age-related mechanisms
continues to be a significant safety and cost concern for many SGs. The understanding SG
degradation mechanisms is the key to effective management of SG ageing and consists in
the knowledge of SG materials and these one properties, stressors and operating conditions,
like degradation sites and wear mechanisms.

The Steam Generators, equipments that ensure the connection between the primary and the
secondary circuits, create several safety problems during operation, mainly due to corrosion
and mechanical damages. Maintenance is also difficult in the SG because of the limited
access to various components and because of the presence of the high radiation field existing
on the side of the primary circuit.

For manufacturing the SG, several types of steels are used, whose coexistence in the
environmental conditions of the steam generator arises special problems with respect to
corrosion.

Corrosion and the mechanical damage in the SG are the result of complex interaction
between various factors:

- strict control of water chemistry;

- adequate thermo-hydraulic design;

- selection of generator construction materials;

- utilisation of compatible materials for the entire secondary circuit;

- conditions of achieving equipments and facilities;

- the operation technique.

This is why a careful analysis of corrosion problems is required, necessary both from an
economic point of view and for the safe operation.

0o W

Materials and environment conditions specific to the steam generator

The most important element in selecting the SG construction materials is their resistance to
corrosion in special operation conditions.
The main operation parameters of the SG are:

DO HO
tin = 3090C tin = 187.20C
tou = 2900C tou = 2600C
Pin = 9.887 MPa Pin = 6.700 MPa

Pou =9.625 MPa Pou = 4.695 MPa
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Incoloy-800 is utilised for tubes having in view the following reasons:

e presents good resistance to stress corrosion cracking, as compared to Inconel-600;

e releases a much smaller amount of radioactive products in the primary circuit;

e has a high resistance to cracking corrosion in alkaline environment (20% higher than
Inconel-600).

The SG includes the following types of steels: Incoloy-800 (tubes), Inconel-600 (tubesheet

cladding), stainless steel SA 240-410S (intermediate supports), carbon steel SA 516-gr. 70

(shells), carbon steel SA 508 cl.2 (tubesheet).

The chemical control of water is done by maintaining of the parameters between certain

limits that influence the corrosion behaviour of SG materials: the amount and composition

of corrosion products, impurities (especially dissolved salts) and oxidation agents.

Although the corrosion products are not directly responsible for corrosion, they are the

main cause of the accumulation and concentration of aggressive species that can lead to a

variety of corrosion forms. The corrosion products will be carried from the SG in the entire

system, determining the occurrence of corrosion-related inconveniences, even and in areas

where apparently this would not be possible. The main source of penetration of oxygen and

impurities is coolant leakage from the condenser. The impurities concentration is

responsible for the initiation, propagation and acceleration of corrosion processes of the SG

tubing. This is why it is compulsory a careful control of water chemistry, of reactants

addition and of the cleaning degree after maintenance or repairs.

Degradations due to corrosion can be divided into two large groups: degradations that end

up in cracking and those which do not imply cracking. Corrosive degradations produced in

the absence of a significant stress (applied, residual or due to corrosion products deposition)

will not end up in cracking, except for certain cases such as intergranular corrosion.

Corrosion that does not imply cracking can appear under the following three specific forms:

1. generalised corrosion;

2. localised corrosion (pitting of Incoloy-800 tubes);

3. crevice corrosion.

The corrosion cracking degradations are favoured by the following conditions:

a. stress corrosion cracking (SCC) under constant stress in the thermally affected area
close to welds.

b.  SCC under monotonous increasing stress, during denting occurrence in the SG.

c. fatigue (wear) corrosion of Incoloy-800 tubes under cyclic stress.

Generalised corrosion

Many research workers have demonstrated that stainless steels and nickel-rich alloys
present in the SG undertake a generalized corrosion; their corrosion rates vary in time
approximately parabolically.

The corrosion products release rates decrease in time, following various kinetics.
Generalized corrosion prevails in the case of carbon steels.

Since most of the studies were performed in static autoclaves, particular care is required if
one desires the extrapolation of results for typical conditions in nuclear facilities, where the
influence of the thermal transfer and of coolant circulation is added, due to thermo-
hydraulic parameters.

The corrosion mechanism of these materials consists in the formation of two overlapped
layers of compounds, the outer one being crystalline. Based on this model, Lesurf assumed
that the total rate of the film formation is controlled by the migration rate of iron species
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soluble in water through the pores of the oxide layer: part of the oxidized iron is included in
the magnetite formed in the area of contact with the metallic under-layer (forming thus the
inner film), while the remaining is carried into the solution, at the outer edge of the oxide
layer where it can precipitate, forming the crystalline outer film, or its release can occur in
the solution mass, precipitating at random.

The corrosion products entailed in the working fluid will deposit in the restricted
circulation regions, thus contributing to the initiation of corrosion in those areas.

Localized corrosion

Localized corrosion supposes the fast local dissolving on a significant depth and it can
induce destruction of the base material.

Localized corrosion is an extremely dangerous phenomenon, since it usually takes place in
less aggressive environments - where generalized corrosion is negligible - and it is quite
difficult to be detected, due to its location and very small dimensions.

Denting corrosion

If the cooling water was phosphate-treated and then treated with volatile amines (AVT) one
noticed the occurrence of a corrosive attack called denting. This means the deformation of
Incoloy-800 tubing due to the increase in volume of corrosion products formed between the
intermediary carbon steel support plate and the Incoloy-800 tube.

Around each Incoloy-800 tube that penetrates the intermediary support plate there is a gap
of a few tenths of a millimetre. Within this space an accelerated corrosion of carbon steel
was noticed, resulting in magnetite. Magnetite accumulates in time and exerts a
compression force on the tube; this one can distort, leading to a local stiction in the tube,
called dent.

This denting corrosion can also lead to the blocking of the sondes used in eddy-current
examinations of the tubular bundle.

Consequently, denting is a form of corrosion in the crevice between the tube and the
support plate, where an initial concentration of acid species (chlorides, sulphates) takes
place.

The oxygen, copper and nickel ions act as accelerators of denting. The occurrence of this
event can be avoided by choosing appropriate construction solutions for the intermediate
supports, utilization of stainless steel for these supports, treatment, from the very beginning,
with volatile amines and removal of copper from the composition of the secondary circuit
equipments.

Corrosion under the impurities layer (wastage)

Another type of corrosion likely to occur when treating water with phosphates is the
"wastage" corrosion. This one takes place under the deposits on the tube surface, in the areas
where wet and dry periods alternate.

It is known that during SG operation a sludge accumulates on the tubesheet, reaching a
height of 30 cm or more. As the sludge content increases, the coolant cannot reach the
surface in order to replace the evaporated liquid. The temperature in this region becomes
equal to that of the coolant. The area where the strongest corrosion is encountered is the
interface, where wetting and drying alternate, which determines the thinning of the Incoloy-
800 tubes.

Using adequate constructive solutions can diminish the phenomenon.
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Pitting corrosion

Pitting corrosion can appear both on the Incoloy-800 tubing and on the tubesheet. Thus, pits
with a depth of 0.02-0.05 mm have been observed on the Incoloy-800 tubes in the crevices
where denting occurred, determined by a high concentration of chlorides. Pitting was also
observed on the tubesheet, especially under the sludge.

Stress corrosion cracking (SCC)

This type of corrosion was more frequently identified on the U-shaped upper region of
Incoloy-800 tubes, but cracks have been noticed in other areas, too.

The crack that appeared in the U-bend region has been generally initiated from the inside of
the tube. The examination of such tubes shows that these cracks initiated on the side of the
primary agent are of intergranular nature, oriented along the longitudinal axis of the tubes.
The factors involved in the cracking of the U-bend region are:

e  microstructural factors, features referring to material strength and hardness;

o residual or latent stresses that emerge during fabrication, bending and installation;

¢ shape of the tube, bending radius resulting from processing;

o the extent and frequency of cycling, shape of strains induced during SG operation;

e environment chemistry or environment factors.

The inspection of cracks on the unbended side of damaged tubes revealed that SCC
appeared in points where denting progressed to such extent so that the tubes became
ovalized or wave-shaped, instead of circular. Cracks occurrence was noticed in places where
the highest strain was applied; they were initiated either on the inner or on the outer
surface. A third type of SCC initiated by granular attack from the interior is in the transfer
region from the expanded area to the non-expanded one - at the joint with the tubesheet -
where high strains affect the tube walls.

Mechanical degradations of the SG tubing

Mechanical degradations that may alter SG tubing can be divided into: vibrations wear
(fretting) and fatigue wear.

These degradations belong to the category of localized attack.

The strength that determines them is produced by tubes vibration, induced by flow
circulation.

This time, corrosion appears as an additional factor that accelerates mechanical degradation
of the tubes; it acts synergistically. The effect of the synergetic action of the two factors
varies from the erosion of passive films on the materials surface to the accelerating effects of
certain aggressive environments on the quality of the metal.

Due to vibrations in the region of contact tube - tubesheet, the tube can notably reduce its
thickness, sometimes displaying cracks. Vibrations are also responsible for the excessive
degradation of anti-vibration bars used in some SG: their replacement is prescribed. In the
case of cracks initiated on defects (for example in regions where local thinning of tubing
walls took place) a transgranular attack was identified on the tubes outer surface. The
mechanism of these cracks includes the fatigue fretting corrosion in the presence of
corrosive species in the environment, (Lucan, D. 2006; Lucan, D. et al., 2007; Lucan, D. et al.,
2008).

Fig. 1. is a schematic layout of corrosive attacks specific to Steam Generators.
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Fig. 1. Types of corrosion specific to the steam generator, (IAEA, 1997)

3. Experimental

The generalized corrosion is an undesirable process because it is accompanied by deposition
of the corrosion products which affect the steam generator performances. It is very
important to understand the corrosion mechanism with the purpose of evaluating the
quantities of corrosion products which exist in the steam generator after a determined
period of operation, (IAEA, 1997).

The nickel-based alloys (Incoloy-800) are currently used as corrosion resistant materials in
the nuclear industry because their corrosion rates are quite low. This behavior is attributable
to the protective character of the oxide film formed on their surface when the contact with
the pressurized high-temperature water environment is realized. Nevertheless, oxidation
processes or deposition of corrosion products can promote the development of particular
corrosion problems. These phenomena result from changes in the structure of the oxide
films throughout the cooling circuit, (Iglesias & Calderon, 2003).
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Corrosion experiments included in the present work have been carried out on the Incoloy-
800 samples by autoclaving in static autoclaves at parameters specific for the secondary
circuit of the CANDU steam generator: temperature 260°C, pressure 5.1MPa. The specimens
used were from Incoloy-800, steam generator tube, (15.9mm outside diameter and 1.13mm
wall thickness) which was sectioned on the diameter into 15 mm long pieces polished with
grit papers and cleaned ultrasonically. The testing environments utilized were
demineralised water with pH = 7.5, 8.5 and 9.5 (AVT). The testing periods were 240h, 2050h
and 3550h. Demineralised water had a dissolved oxygen content was below 2ppm (oxygen
was released by thermal degassing at 100°C). The water pH and conductivity were
measured with Multi - Channel Analyser CONSORT C835. Experimental work included:
gravimetric analyses, optical microscopically analyses and electrochemical measurements
(potentiodynamic polarization). The weight modifications due to oxidation or corrosion
products removal by different methods were measured using a Shimadzu AUW 220
analytically balance providing a precision of +0.01 mg. The surfaces morphologies and the
cross sections of the corrosion samples were analyzed with the optical microscope
OLYMPUS GX 71. The corrosion kinetic was additionally evaluated by potentiodynamic
measurements using a PAR 2273 device.

4, Results and discussions

The goal of the work consists in the assessment of the kinetics corrosion for the Incoloy-800 -
material of the tubes - tested in demineralised water with different pH values and the
experimental results processing with the purpose of including results in a future database of
a steam generator. To investigate the water chemistry effects on characteristics of corrosive
films formed on Incoloy-800 material, a number of corrosion experiments by electrochemical
methods and static autoclaving were performed. The electrochemical determinations were
performed by potentiostatic method in aqueous solutions with different pH, at room
temperature, (Lucan, D., 2010).

—fr———

b)

Fig. 2. Surface morphology (x200) (a) and aspect of the superficial layer (x1000) (b) for
Incoloy-800 exposed for 1680h in demineralised water, pH=7.5, T=2600C and p=5.1MPa



Degradations of Incoloy 800 Steam Generator Tubing 11

The chemical composition of Incoloy-800 in percent weight is: C=0.02%, Mn=0.64%,
5i=0.49%, 5=0.01%, Ni=33.40%, Cr=21.90%, Cu=0.01%, Al=0.24%, Ti=0.41% and Fe=42.88%.
Some examples of experimental results for the testing of the Incoloy-800 samples for
different times in demineralised water environments with pH=7.5, pH=8.5 and pH=9.5
(AVT) at secondary circuit steam generator specifically parameters (260°C and 5.1MPa) are
presented in the Fig.2 + Fig.4.

Fig. 3. Surface morphology (x200) (a) and aspect of the superficial layer (x1000) (b) for
Incoloy-800 exposed for 3600h in demineralised water, pH=8.5, T=2600C, p=5.1MPa

Fig. 4. Surface morphology (x200) (a) and aspect of the superficial layer (x1000) (b) for
Incoloy-800 exposed for 3192h in demineralised water, pH=9.5, T=2600C, p=5.1MPa

The exposure times for the metallographic analysis of samples tested at a pH=7.5 were:
264h, 456h, 696h, 960h and 1680h. For the Incoloy-800 samples, tested for 264h in
demineralised water at a pH=7.5 a uniform, continuous, adherent oxide layer is noticed,
with thickness smaller than or equal to 0.6um. When the testing time was 456h in the same
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conditions the presence of the oxide is noticed on samples surface, brown-red in colour. The
samples surface is entirely covered by oxide and there are no uncovered spots while the
visual aspect is almost identical for the entire surface. Thickness of the oxide layer is about
0.8 um. The oxide layer on the samples tested for 696h is uniform, continuous, adherent,
while its thickness ranges between 0.6pum=+1.2um. The results of the 960 hours exposure was
the occurrence of an oxide layer with a thickness of 0.9um-+1.5um.

The thickness of the oxide layer existing on the samples tested for 1680h is about 3um.

The aspect of the surface and film formed on the samples tested 1680h in demineralised
water at a pH=7.5 are presented in Fig.2. The exposure times for the metallographic analysis
of the samples tested at a pH=8.5 were: 240h, 720h, 1200h, 1416h, 1656h, 1824h, 2064h, and
3600h. On the Incoloy-800 samples, tested for 240h in demineralised water with a pH=8.5
adjusted with morpholine and cyclohexylamine, at 2600C and a pressure of 5.1MPa a
uniform, continuous and adherent oxide layer is noticed, whose thickness is smaller than or
equal to 1.9um. The surface morphology for some samples exposed for 240h in
demineralised water at a pH=8.5 (AVT) at parameters specific to the steam generator
secondary circuit shows the presence of the oxide, its colour being brown-red. The samples
surface is completely covered by oxide and there are no uncovered spots, while the visual
aspect is almost identical for the entire surface. It is to be noticed that the oxide layer for the
samples tested 720h in demineralised water with a pH=8.5 is in this case, uniform,
continuous, adherent and its thickness ranges between 0.7um and 0.8um. The oxide is
uniform, with brown-red shadows and formed in continuous film on the samples surface.
For the Incoloy-800 samples tested for 1200h in demineralised water with a pH=8.5 the
result of the exposure was the formation of an oxide layer with a uniform thickness of
1.2pm. In this case the oxide uniformity is noticed. The aspect of the oxide layer existing on
the samples tested 1416h is shown that the film thickness on these samples is about 0.8um.
The surface morphology for the samples exposed for 1416h has a uniform aspect.

The aspect of the oxide layer existing on the surface of samples tested for 1656h in
demineralised water with pH=8.5 is uniform, continuous and adherent. The uniformity and
continuity of the oxide film is observed and the surface morphology for the samples
exposed for 1656h in demineralised water with pH=8.5. The oxide film is uniform,
continuous, adherent and has a thickness smaller than 2.6um for a sample exposed for 1824h
in demineralised water with a pH=8.5 in conditions specific to the operation of the
secondary circuit.

The aspect of the oxide layer on the surface of samples tested for 2064h in demineralised
water with a pH=8.5 is uniform, continuous and adherent. The uniformity and continuity of
the oxide layer can be noticed by the surface morphology of samples exposed for 3600h in
demineralised water with a pH=8.5, Fig.3. The oxide layer is uniform, continuous and
adherent and has a thickness smaller than 3.5um. The aspect of the oxide layer and the
surface morphology, respectively, for a sample exposed for 3192h in demineralised water at
a pH=9.5 under operating conditions specific to the secondary circuit are presented in Fig.4.

4.1 Comparison of outputs of tests performed at pH=7.5, pH=8.5 and pH=9.5

After autoclaving operation the samples were descaled in two stage alkaline permanganate
- citrox, (Taylor, 1977). Fig.5 + Fig.11 comparatively present the corrosion kinetics for: metal
loss by corrosion; corrosion rate; totally formed corrosion products; adherent corrosion
products, released corrosion products; corrosion products release, and the release rate of
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metal at a pH=7.5, pH=8.5 and pH=9.5, respectively. The Table 1 presents the equations for
the corrosion kinetics. For the weight loss due to corrosion and corrosion rate it is noticed
that, in the case of a pH=9.5 these have the smallest values (Fig.5 and Fig.6), (Lucan et al.,
1998; Lucan et al., 2001; Lucan et al., 2003; Lucan et al., 2005; Cojan et al., 2008). The results
are confirmed by the experiments presented in articles from specialty journals, (Taylor, 1977;
Stellwag, 1998; Iglesias & Calderon, 2003).

No. |Parameter pH=7.5 pH=8.5 pH=9.5

1 [Lossofmetalby oG 15401n(x)+0.0337  |y=0.2201x02705 y=0.10501x0-277
corrosion

2 Corrosion rate y=0.2275x-0851 y=0.3439x-08577 y=0.2579x-0.8434
Total corrosion _ y=0.2417In(x)- _

3 products y=0.1626In(x)+0.1055 0.0648 y=0.09731Inx+0.2721

g [Adherentcorrosion | _q 5g> 4 010 y=0.2962x02602 y=0.0757Inx+0.2827
products
Released corrosion | _ y=0.0296In(x)- _

5 products y=0.051In(x)-0.0328 0.0461 y=0.0216Inx-0.0106

o  |Releaserateof y=0.0206x-043% y=0.0217x-06715  |y=0.0168x-0.6354
corrosion products

7 Release rate of metal |y=0.0031x-0.6542 y=0.0174x-0.7571 y=0.0031x-0.6715

Table 1. The equations for the kinetic corrosion specific parameters
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Fig. 5. Loss of metal by corrosion vs. time

Also, in the case of totally formed corrosion products the smallest values have been obtained
in exposure in solution at a pH=9.5 (Fig.7). In the case of adherent corrosion products, the
smallest values have been reached for the solution with a pH = 7.5 (Fig.8), but the values for
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the tests at pH = 9.5 solution are similar, without significant differences between the two

cases.
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Fig. 6.
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Fig. 7. Total corrosion products vs. time
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In the case of released corrosion products, the release rate for products and metal the
highest values are obtained for the samples tested in the solution with a pH=7.5
(Fig.9+Fig.11). This can be explained by the fact that magnetite solubility has higher values
for solutions with a smaller pH.
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0.250 -
® pH=8.5
~ mpH=9.5
E 0.200 - A ApH=7.5
E) A
(2]
o
=]
S 0.150 -
s
c
[*]
®
(S
5 0.100 -
o
o
Q
7]
©
o
©  0.050 -
0.000 ; ; ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120 140 160 180  20(

Time (days)

Fig. 9. Released corrosion products vs. time
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Fig. 11. Released rate of metal vs. time

An example in this sense is the fact that, at 200°C the magnetite solubility is 2pg/kg for a
solution with pH=9.5 while for a pH=8.5 the magnetite solubility increases, reaching
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60pg/kg. It can be stated that corrosion kinetics for: metal loss by corrosion; corrosion rate;
totally formed corrosion products; adherent corrosion products; released corrosion products
and the metal release rate at a pH=7.5, pH=8.5 and pH=9.5, respectively, evolve following
power-type or logarithmic laws: the smallest corrosion rates are obtained in the case of
exposure in a pH=9.5 solution.

Fig.12 and Fig.13 show the results of electrochemical measurements performed by the
potentiodynamic method. The electrochemical potential values measured in demineralised
water at a pH=9.5 for samples tested by autoclaving at a pH=7.5: PD 35 - tested 10 days, PD
39 - tested 19 days and PD 33- initial status; and pH=8.5 for samples tested by autoclaving
at a pH=8.5: PD 36 - tested 10 days, PD 37 - tested 47 days, PD 38 - tested 96 days and PD
34- initial status, show that the oxide films formed on the samples surface at higher
exposure times provides them a relatively high corrosion resistance.
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Fig. 12. Potentiodynamic curves Incoloy-800 tested pH=7.5: PD 33- as received; PD 35 -
tested 10 days; PD 39 - tested 19 days
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Fig. 13. Potentiodynamic curves Incoloy-800 tested pH=8.5: PD 34- as received; PD 36 -
tested 10 days; PD 37 -tested 47days; PD 38 - tested 76 days

5. Conclusions

This work presents in the first place the types of degradations specific to the steam
generators and in the second place the correlation between the nature of materials used for
the construction of the steam generator tubing, the chemical characteristics of the circulating
environment and the way in which certain of their pH values can lead to the development of
different types of oxide layers.

Corrosion testing has been performed for Incoloy-800 alloy samples for 3600h at a pH=7.5,
3600h at a pH=8.5 and 4800h at a pH=9.5.

By using gravimetric analysis and descaling of filmed samples assayed at certain intervals of
time, the corrosion kinetics of the Incoloy-800 alloy has been established.

The films formed on samples after autoclaving and the morphology of samples surfaces
have been assessed by metallographic microscopy.
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In the case of samples tested in solution of pH=7.5 for 264h the thickness of the films is
0.6pm, this one increasing with the increase of the testing time, reaching 3pm after 1680h of
testing.

For the samples tested in solution of a pH=8.5 for 240h thickness of the films is 1.9um, this
one increasing with the increase of the testing time, reaching 3.5pm after 3600h of testing.
The corrosion kinetics has been established for the corrosion-induced loss of metal,
corrosion rate, total formed corrosion products, adherent corrosion products, released
corrosion products, released rate of corrosion products and released rate of metal.

The work also presents the kinetic curves and the equations which describe these curves for
the tests performed at the three values of the pH.

A comparison is presented between the corrosion kinetics for the normal value of the
operation pH=9.5, and also for the values 7.5 and 8.5. For the corrosion-induced loss of
weight and for the corrosion rate it is noticed that in the case of pH=9.5 solution these have
the smallest values.

In the case of released corrosion products, their release rate and metal release rate, the
highest values are obtained for the samples tested in a pH=7.5 solution. This can be
explained by the fact that magnetite solubility has higher values for solutions with a smaller
pH.

The work dones a correlation of the normal/abnormal chemical system of the steam
generator secondary circuit with the corrosion of the tubing material exposed in respective
environment.

The future research will have like objective experimental studies on the behaviour of the
principal steam generator structural materials in the presence of the impurities and the
synergetically effect of the simultaneosly presence of impurities especially in the regions
with restrictive flow and/or in the presence of crevices.
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1. Introduction

Nuclear power plants (NPP) using Alloy 600 as a heat exchanger tube of the steam generator
(SG) have experienced various corrosion problems such as pitting, intergranular attack
(IGA) and stress corrosion cracking (SCC). In spite of much effort to reduce the material
degradations, SCC is still one of important problems to overcome.

Secondary water pH which affects SCC behavior substantially spans widely from acid to
alkaline in crevice depending on water chemistry control, water chemistry in crevice, plant
specific condition, etc. Especially, specific chemical species are accumulated in the crevice as
the sludge leading to a specific condition of crevice chemistry. Among these chemical
species, lead is known to be one of the most deleterious species in the reactor coolants that
cause SCC of the alloy (Sarver, 1987; Castano-Marin et al., 1993; Wright and Mirzai, 1999;
Staehle, 2003). Even Alloy 690, as an alternative of Alloy 600 because of outstanding
superiority to SCC, is also susceptible to lead in alkaline solution (Vaillant et al., 1996; Kim
et al., 2005; Kim and Kim, 2009).

Lead has been effectively detected in all tubesheet samples, crevice deposits and surface
scales removed from SGs. Typical concentrations are 100 to 500 ppm but in some plants,
concentrations as high as 2,000 to 10,000 ppm have been detected (Fruzzetti, 2005). The best
method to prevent lead induced SCC (PbSCC) is to eliminate the harmful lead from the NPP
chemistry, which is not possible and most NPPs are already contaminated by lead.
Moreover only a very low level of sub ppm affects PbSCC.

During a long exposure time of more than 30 years under a high temperature and high
pressure water chemical environment, an Alloy 600 surface experiences an oxide formation,
breakdown and modification depending on the nature of the grown oxide, combined with a
residual stress induced by a tube expansion which is introduced to fix a tube to a tube sheet.
Therefore it is strongly anticipated that a SCC is inevitably related to an oxide properties,
formed on an Alloy 600 surface, because a crack initiates and propagates through a
breakdown and alteration of a surface oxide, fundamentally speaking. An oxide properties
should be investigated for the elucidation of a lead induced mechanism and its
countermeasure.
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It is expected that an addition of lead into a solution modifies the oxide property affecting
SCC behavior. A discovery of the way to avoid this modification can give us a key to control
PbSCC such as an inhibitor.

The thickness, composition, passivity and structure of an oxide formed and grown on Alloy
600 are influenced by the temperature, pH, time, chemical species and so on, in a very
complex manner (McIntyre et al., 1979; Kim et al., 2008). The very complicated and nano-
sized thin oxides formed in aqueous/non aqueous conditions have been successfully
analysed by using a transmission electron microscopy (TEM), an x-ray photoelectron
spectroscopy (XPS), an Auger electron spectroscopy (AES) and an electrochemical
impedance spectroscopy (EIS) (Machet et al., 2004; Yi et al., 2005; Rincén et al., 2007; Hwang
et al., 2007).

In the present work, the oxides formed on Alloy 600 in aqueous solutions with and without
lead were examined by using a transmission electron microscopy (TEM), an energy
dispersive x-ray spectroscopy (EDXS), an x-ray photoelectron spectroscopy (XPS) and an
electrochemical impedance spectroscopy (EIS). The oxide property was compared with the
SCC behaviors tested in caustic solutions in the presence of lead and NiB as an inhibitor as
well as in the absence of both impurities by using a slow strain rate tension (SSRT) test.

2. Experimental details

The test specimens were fabricated from a 19.05 mm (0.75 inches) outside diameter Alloy
600 steam generator tubing material which was thermally treated (TT) at 704°C for 15 hours
following solution annealing at 975°C for 20 minutes or high temperature mill annealed
(HTMA) at 1024°C for 3 minutes. The chemical compositions are given in Table 1. High-
purity water (18M€Q cm at RT) was used as the reference solution. Aqueous solutions used
were shown in Table 2. Reagent grade PbO was added to the reference solution at an
amount of 5,000 or 10,000 ppm as a source of lead. The performance of a NiB inhibitor was
evaluated by adding 4 g/l of NiB into the leaded solution. Deaeration was carried out by
purging with a high purity nitrogen gas to remove the dissolved oxygen for 20 hours before
the tests commenced.

Material] C |Si |[Mn| P | Cr | Ni [Fe|Co | Ti | Cu |Al| B S N | Ce
Alloy
600TT
Alloy

600 |0.025|0.05| 0.22 | 0.07 |15.67|75.21|8.24|0.005| 0.39 |0.011|0.15/0.0014|0.001{0.0103
HTMA

Table 1. Chemical compositions of the Alloy 600 TT and Alloy 600 HTMA

The electrochemical tests were performed for rectangular plate specimens (10 mm x 10 mm)
fabricated from the thermally treated tubing. The surface of the specimens was polished up
to 1 um using a diamond suspension. An Alloy 600 wire was spot welded to the specimen,
and the wire was shielded with a heat-shrinkable polytetrafluoroethylene (PTFE) tubing.
The test specimens were immersed in a 1-gallon nickel autoclave at 315°C for 14 days. The
electrochemical impedance measurements were carried out in the frequency range of 106 to
10 Hz at the OCP with a 10 mV perturbation. A Solartron 1255 frequency response analyser
was used with a Solartron 1287 electrochemical interface. Experimental matrix was shown in

0.03 (0.07]0.003]0.024(16.12|74.42|9.06|0.007(0.005|0.003 0.006 |0.001|0.0103|0.003
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Table 2. Separate autoclaves were used for the leaded and the unleaded test solutions to
avoid a cross contamination.

) pH(3155C) by )
Envwvironmend MULTEQ Remark Experiment
HO 58 Meutral
10,000ppm PHO 7.9 pH increase SSRT fest
-10,000ppm PBO + 49/ NiB 79 Deaeration
-0.01M Na,SO, + 0.01M NaHSO, 56 Acid
-10,000ppm PbO 87 pH increase SSAT test
-10,000ppm PBO + 49/ NiB B.7 Deasration
0.01M Na,50, 5.8
=10, 000ppm PhO B6 R SSRT test
-10,000ppm PHO + 4g/L NiB 8.6 o e
Armmonia 83 Mild causiic
-5,000ppm PbO 74 pH increase Immersion lest
-5,000ppm PbO + 4g/L NiB 79 Deaeration
-0.1M NaOH (Deaeration) 8.9
-5,000/10,000ppm PhO (Deaaration) 2.9 Causlic SSRT, immersion lest
-5,000/10,000ppm PbO (Mon- the Same pH
deacralion) 99
10wt MaOH 104 Sirong caustic
-10,000ppm PbO 10.4 Deseralion il
40wt NaOH 10.9 Strong caustic
10, 000ppm PHO 109 Deasaralion el

Table 2. Various aqueous solutions and their pHs for SSRT and immersion (electrochemical
impedance) tests at 315°C (MULTEQ), 2008)

After the immersion test, the plate specimens were examined. The surface oxide layer and
its composition was examined by using a field emission TEM, equipped with an EDXS
(JEM-2100F, JEOL). The information on the chemical binding was obtained by using an XPS
(AXIS-NOVA, KRATOS Analytical) The spectra for Ni 2p, Cr 2p, O 1s and Pb 4f were
recorded with an AlKa radiation (hv = 1486.6 eV), at a pass energy of 20 eV. The take-off
angle, the base pressure and the sputter rate for a depth profiling were 450, 5.0x10 torr and
0.04nm/s in SiO,, respectively. To analyse the XPS results, an online database was used
(http:/ /www laserface.com).

The SSRT tests were performed for uniaxial tension specimens fabricated from a HTMA
tubing in unleaded, and leaded solutions, and a leaded one with a NiB addition. The tests
were carried out in 0.5-gallon nickel autoclaves at 315°C and an equilibrium pressure. The
test specimens were at an open circuit potential (OCP) without an impressed
electrochemical current. The strain rate was 2 x 107 s1. After the SSRT test, surface was
observed to determine SCC ratio by using a SEM (JSM6360).

3. Results and discussion

3.1 Analysis of oxide in solution without lead
Figs. 1 (a) and (b) are the TEM images and the results of the TEM-EDXS analyses for a cross-
section of the surface oxide layer that was formed in the ammonia solution without/with
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NiB at 315°C, respectively. Similar appearance was observed for the two oxide layers
formed in the two kinds of solutions with about a 400 - 500 nm thickness. An inner oxide
layer can be more clearly differentiated in the surface oxide formed in the ammonia solution
with NiB. It is worthwhile noting that an outer layer seems to be more porous compared to
an inner layer.

QOuter oxide

< o

7
§
.‘l__..

ey

Alloy 600

Outer oxide

Fig. 1. (a) TEM images for surface oxides formed on Alloy 600 specimens

From Fig. 1(b) of the TEM-EDXS results, the surface oxide layers are composed of a duplex
oxide layer, i.e., nickel rich outer layer and chromium rich inner layer, irrespective of the
used aqueous solution. A chromium rich inner layer of the surface oxide formed in the
ammonia solution with NiB is thicker than that of the surface oxide layer in the ammonia
solution without NiB. Based on the similar chemical composition and surface appearance of
both surface oxide layers, except for the oxide thickness, the TEM diffraction pattern for the
surface oxide formed in the ammonia solution with NiB was analysed because it is easier to
observe a thicker oxide.

Figs. 2 (a) and (b) are the diffraction patterns, mainly obtained from an outer surface oxide
and an inner surface oxide, respectively. From the diffraction patterns, there are two ring
patterns and two spot patterns. The same patterns corresponding to outer ring and spot
pattern I are observed in Figs. 2 (a) and (b) because the beam size is too wide to differentiate
a duplex layer, i.e. an outer surface oxide and an inner oxide, completely, even though the
diffraction pattern was investigated at different sites. By analysing the diffraction pattern for
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the surface oxide formed in the ammonia solution with NiB at 315°C, an outer ring and an
inner ring originated from an inner oxide and an outer oxide, respectively. It was revealed
that a porous outer oxide is mainly composed of NiO and a relatively dense inner layer
consists of CryO; (JCPDS card no. 47-1049; JCPDS card no. 74-0326). It seems that spot
patterns I and II are related to another nickel oxide such as Ni(OH); rather than NiO and
Alloy 600, respectively.
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Fig. 1. (b) TEM-EDXS analyses for in-depth chemical compositions for surface oxide layer
formed on Alloy 600 specimens in ammonia solutions without/with NiB at 315°C (Kim, D.-
J. etal., 2010)

Figs. 3 (a) and (b) are the XPS results for the surface oxide formed in the ammonia solution
with NiB. Ni metal with a binding energy in the range of 852.8~853 eV was detected near
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the top surface oxide and its intensity increased rapidly to a saturation value with the
etching time while the intensities for NiO and Ni(OH), with binding energies near 855 eV
and 856.6 eV, respectively, were very small even at a 10s etching time and their values were
decreased to a background level only at a 1430s etching time. From the results of the
diffraction pattern and XPS, it was found that an outer oxide is composed of NiO and
Ni(OH)..

Outer ring

Inner ring

Spot pattern I

Outer ring

Spot pattern I

Spot pattern II

(b)
Fig. 2. Diffraction patterns for (a) outer surface oxide and (b) inner surface oxide formed on
Alloy 600 in an ammonia solution with NiB at 315°C (Kim, D.-]. et al., 2010)

Apart from Ni, Cr metal with a binding energy of 574.2 eV did not appear at an early stage
and the intensity of the metallic chromium increased with the sputtering time while the
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intensity for the Cr oxide with a binding energy in the range of 576.6 to 577.3 eV revealed a
large value at an early stage and decreased slowly with the etching time indicating that the
Cr oxide is relatively dense.

Combining the results of the TEM and XPS, it can be concluded that the nickel oxides of
NiO and Ni(OH), are very porous and hence a porous outer oxide is sputtered easily
leading to an early appearance of unreacted nickel while Cr oxide composed of an inner
layer is much denser than an outer layer. It has been reported that metallic ions in a solution
are re-deposited to form a porous outer oxide layer (Robertson, 1989). Growth processes of
an inner layer and an outer layer occur at the metal/oxide and oxide/electrolyte interfaces,
respectively. The growth rates are controlled by a transport of the layer forming species
through a layer, i.e. by an inward diffusion of electrolyte species including oxygen and an
outward diffusion of metal cations.
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Fig. 3. X-ray photoelectron spectra of (a) Ni(2p3/2) and (b) Cr(2p3/2) for surface oxide layer
formed in an ammonia solution without additive at 315°C (Kim, D.-]. et al., 2010)
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3.2 Analysis of oxide in solution with lead

Fig. 4 is TEM micrographs for the surface oxide layer formed on the TT Alloy 600 specimens
in aqueous solutions at 315°C of (a) unleaded 0.1M NaOH (reference) and (b) with PbO. In
the unleaded solution, porous outer oxide and inner oxide are observed while only an oxide
layer is observed in the leaded solution.

(b)

Fig. 4. TEM micrographs for the surface oxide layer formed on the TT Alloy 600 specimens
in aqueous solutions at 315°C; (a) unleaded 0.1M NaOH (reference) and (b) with PbO

Fig. 5 shows the TEM-EDXS analyses for the specimens tested in the unleaded reference
0.1M NaOH solution (Fig. 5a) and in the leaded solution (Fig. 5b). From the results of Figs. 4
and 5, a duplex oxide layer was formed at the surface, i.e., porous nickel-rich outer layer and
dense chromium-rich inner layer similar to the experimental results obtained in unleaded
ammonia solution. In the leaded solution, a large amount of lead was observed at about 25
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% on the surface. Cations such as Cr and especially Ni were depleted in the oxide layer. The
duplex oxide layer observed in the unleaded solution was not examined in the leaded
solution.
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Fig. 5. TEM-EDXS analyses for the in-depth chemical compositions for the surface oxide

layer formed on the TT Alloy 600 specimens in aqueous solutions at 315°C; (a) unleaded
0.1M NaOH (reference) and (b) with PbO

It is interesting to see the electrochemical impedance spectroscopy (EIS) results obtained for
the specimens immersed in the aqueous solutions without/with PbO. Fig. 6 presents the
Nyquist plots obtained for the TT Alloy 600 specimens in the 0.1 M NaOH solutions at
315°C of (a) the unleaded reference and (b) the leaded solution. From the impedance spectra
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obtained for the unleaded solution, it can be assumed that the equivalent circuit is
composed of a series of a solution resistance and a parallel of a capacitance and a resistance
originating from a passive oxide and a constant phase element which may be related to a
diffusion process of an electrolyte or a metallic cation, connected to an oxide resistance.
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Fig. 6. Nyquist plots obtained from the electrochemical impedance measurements for the TT
Alloy 600 immersed in the 0.1 M NaOH solutions at 315°C: (a) unleaded reference and (b)
leaded with PbO

However, by adding lead oxide to the solution, the total impedance was considerably
decreased indicating that an oxide passivity was greatly decreased. An inductive loop which
might be caused by a lead incorporation into the oxide was observed. This inductive loop
may be attributed to conduction path by the incorporated lead.



Analysis of Oxide on Steam Generator Tubing Material
in High Temperature Alkaline Leaded Solution

Fig. 7 shows the XPS results for the specimen tested in the leaded ammonia solution. Lead is
incorporated into the oxide layer at a metallic state (136.7 eV) and as a lead oxide (138.9 eV)
(http:/ /www lasurface.com).

Based on thermodynamics, an equilibrium electrochemical potential of Pb2+/Pb is higher
than an equilibrium potential of Ni2*/Ni leading to increase of OCP of Alloy 600 in the
leaded solution (Pourbaix, 1966). Hence, Pb can be deposited electrochemically in the leaded
solution at OCP, which is consistent to Pb metal detected by XPS. However it is not
unequivocal yet which one between metallic Pb and PbO affects PbPSCC more.
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Fig. 8 is a plot of the XPS intensity of Ni as a metallic state and Ni as an oxide state against
sputtering time obtained for a specimen immersed in leaded ammonia solution. Fig. 8 was
obtained by integration the XPS signal acquired around binding energy level of the Ni
species as a metallic state and an oxide state as a function of the sputtering time. Depletion
of nickel as an oxide state and a metallic state was observed in the oxide formed in an
ammonia solution including PbO, which is consistent with Ni depletion in the oxide shown
in Figs. 1 and 5.

In order to investigate reactions available during the experiment, eight reactions were
considered as follows.

NiO + Pb** = PbO + Ni** 1)
Cr,0, + 3Pb** =3PbO +2Cr** )
Fe,0, + Pb** = Fe** + PbO + Fe,0, 3)
Ni** + Pb = Ni + Pb** (4)

2Cr* +3Pb=2Cr +3Pb** (5)
Fe** + Pb=Fe+ Pb*" (6)

Pb** + H,0 = PbO +2H"* @)
Pb+H,0 = PbO +H, 8)

Based on thermodynamic data and solubility (MULTEQ, 2008; HSC chemistry database),
forward reaction is available for reaction (1) at 315°C assuming that concentrations of nickel
and lead ions are 106 mole and 0.0045 mole, respectively. This reaction can be rewritten as
follows by using defect chemistry.

Niy, = Ni*" + V3 )

Vi +Pb* =Pb,, (10)

By summing reactions (9) and (10), reaction (11) expressing that Ni at Ni site in the oxide is
dissolved leaving Ni vacancy and lead ion reacts with Ni vacancy to be oxidized is obtained.

Niy,; + Pb* = Ni** + Pb,, (11)

From reaction (11), Ni as a Ni oxide state can be depleted as shown in Fig. 9 and a strain
field in the oxide originating from lattice mismatch can be also generated leading to a
degradation of passivity.

However, the backward reaction of reactions (2) and (3) is available indicating that a
substitution of lead ion for cations such as Cr and Fe in the oxide is not possible at 315°C.
Backward reactions for reactions (4)~(6) describing lead electrodeposition are available.
From this, cations in the oxide formed in the leaded aqueous solution can be depleted by
lead electrodeposition and moreover, the electrodeposited lead can prevent a formation of
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the passive oxide composed of Ni, Cr, Fe and O, especially passive chromium oxide which is
formed in the aqueous solution without Pb.

Considering thermodynamics for reactions (7) and (8), lead ion in an aqueous solution and
electrodeposited lead are oxidized when a pH at 315°C is larger than 4.46 and a hydrogen
partial pressure is as low as the secondary water of NPP, respectively.

3.3 Stress corrosion cracking behavior

As shown in Table 2, pH at 315°C increases by adding PbO, which seems to be caused by
PbO + H,O = Pb?* + 20H:- reaction (Pourbaix, 1966).

Table 3 shows the elongation to rupture and the SCC ratio as a function of the aqueous
solution without/with PbO for HTMA Alloy 600. Elongation to rupture and SCC ratio were
found from the stress-strain curve and fracture surface observation. Elongation to rupture
and SCC ratio can be used as criteria for SCC susceptibility from the fact that yield strength
and tensile strength are decreased with the stress corrosion cracking leading to the lower
elongation to rupture. The SCC susceptibility was greatly increased up to 0.1IM NaOH by
adding PbO into the solution. PbO degraded SCC resistance in 10wt% NaOH (2.5M NaOH)
where Alloy 600 showed SCC behavior without PbO. However the effect of PbO on SCC in
40wt% NaOH (10M NaOH) was less than that in 0.1M NaOH. Considering that a neutral pH
at 315°C is 5.8, HTMA Alloy 600 is susceptible to a PbSCC in a mild caustic solution rather
than a strong caustic solution such as 2.5M and 10M NaOH solutions. From the results of
10wt% and 40wt% NaOH solutions, there seems to be a pH range susceptible to PbSCC,
which may be closely related to oxide stability such as Ni, Cr, Fe and Pb oxides in a strong
caustic solution.
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Enviranment rupture36) S0C ratic by MULTEQ Remark
-H.O =0 Little 5.3 MNeutral
-10,000ppm PRC 30 83 ¥a pH incrcase
L.010M Ha, S0, | 0.01M NaH50, &4 16 2.5 Acid
-10,000ppm PEC 40 &F B.7 pH neraassa
-0.01M Ha, 30, 49 Litthe 7.h Mild caustic
-10,000ppm PRG . il (i1} ik pH neraasa
S0AM NalH (D o 57 Litthe 94
10 nnn,a Iit ;ﬂ .:En }r ) 24 78 a4 ST
-4, 1 Pl BaHmHIon B f
5 _ Suscepiible to PbSCC
10,0 ppm PoO (Non deasration) &5 48 949
-10wl% NaOH (Deaeralion) =5 1T 10.4 Shong caustic
-10,000ppm PO {Deaeraton) =B M 104 Susceplible to PRSCC
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Table 3. Elongation to rupture and SCC ratio obtained from SSRT test in various aqueous
solutions at 315°C
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Alloy 690 which consists of 60% Ni, 30% Cr and 10% Fe is not susceptible to stress corrosion
cracking in mild caustic solution such as 0.1IM NaOH with or without lead while Alloy 690
is very sensitive to stress corrosion cracking in highly caustic solution such as 2.5M NaOH
solution, which is more aggravated with Pb (Kim and Kim, 2009). From this it was found
that Alloy 690 is not immune to SCC but relatively stronger than Alloy 600.

HTMA Alloy 600 was more susceptible to PbSCC in deaerated solution rather than non-
deaerated 0.1M NaOH solution. Pb electrodeposition is not available in non-deaearated
solution while Pb is electrodeposited spontaneously in deaerated solution. This indicates
that Pb electrodeposition is more important to PbSCC rather than PbO itself. It was also
reported that lead ion can be incorporated by occupying a cation site in an oxide producing
a metallic dissolution, which could introduce a lattice mismatch leading to a passivity
degradation of the oxide and lead could be incorporated into the film as an oxide itself

causing the passivity degradation by using the current transient experiment (Kim et al.,
2010).
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Fig. 9. E-pH diagram at 315°C

From the SSRT and EIS results, it was found that a better passivity improves the SCC
resistance. In general, a repassivation of a more passive oxide is faster than that of a less
passive oxide in the passive range leading to an SCC resistance. Moreover cracks initiate
and propagate through unavoidable breakdowns and alterations of a surface oxide formed
naturally on Alloy 600 in an aqueous solution indicating that a passivity is closely related to
SCC resistance. Besides passivity, it was reported that the oxide ductility was degraded by
lead incorporation into the solution (Lu et al., 2008).

It is notable that Ni among metallic elements which is a major element consisting of Alloy
600 was mainly depleted as shown in Figs. 1 and 5. For this reason, the kinetics of reactions
should be considered. Generally, according to the E-pH diagram at a high temperature
(HSC chemistry database), the lead contaminants could be reduced and deposited on an



Analysis of Oxide on Steam Generator Tubing Material
in High Temperature Alkaline Leaded Solution 35

oxide surface as a metallic form, or incorporated into the passive layer as lead ions or a lead
oxide, depending on the OCP by the presence of a lead contamination in the secondary-side
cooling water of operating NPP.

E-pH diagram at 315°C was shown in Fig. 9. Stable phases of Ni and Pb are also seen. SCC
susceptible region for Alloy 600 and Alloy 690 was indicated in the figure.

3.4 PbSCC inhibitor

Fig. 10 presents the elongation to rupture as a function of the high temperature pH of leaded
solutions without/with NiB for HTMA Alloy 600. An addition of NiB into the solution
obviously enhances elongation to rupture.
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Fig. 10. Elongation to rupture as a function of the pH of leaded solutions without/with NiB
for HTMA Alloy 600 (Kim, D.-J. et al., 2010)
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Fig. 12 is the XPS results for the specimens tested in the ammonia solution in the presence of
PbO and PbO + NiB. Fig. 12 (a) reveals that the lead is incorporated into the oxide layer as a
metallic state (136.7 eV) and as a lead oxide (138.9 eV). The lead content in the oxide was
significantly decreased by adding NiB to the solution. Fig. 12 (b) is a plot of the XPS
intensity against the sputtering time for the metallic lead and lead oxide. The amount of
incorporated lead in the oxide was significantly decreased with the sputtering time. It was
also found that the amount of incorporated lead was smaller and the lead inclusive layer
was thinner in the specimen tested in the solution with NiB. Less incorporation of lead in
the oxide led the enhancement of SCC resistance.

In the leaded solution with the NiB inhibitor, the amount of lead in the oxide layer was
significantly reduced and the extent of the Ni depletion in the oxide was also decreased as
shown in Fig. 11, compared with the results of Fig. 5.
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It is worthwhile to note that an impedance value obtained in the leaded solution with the
NiB as shown in Fig. 13 significantly increased, compared with the impedance value
obtained in the absence of NiB (Fig. 6). The impedance spectrum showed a clear capacitive
arc but the inductive loop which appeared in the leaded solution did not appear. The
impedance spectrum resembled the spectrum for the reference solution rather than that for
the leaded solution. It was revealed again that the tendency of SCC resistance was consistent
with passivity.
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Fig. 13. Nyquist plot obtained from the electrochemical impedance measurements for the TT
Alloy 600 immersed in the 0.1M NaOH solution with PbO + NiB at 315°C

From the results of SCC and oxide analysis, it was suggested that a lead incorporation in a
surface oxide degrades an oxide passivity, which is related to a SCC susceptibility. By
adding NiB into a solution, less incorporation of lead in an oxide retards the oxide
degradation significantly leading to an improvement of its SCC resistance.

In Fig. 14, wetting angle obtained for the surface of Alloy 600 as a function of the solution is
shown. Wetting angle was decreased as PbO and PbO+NiB were added into a high purity
water as a reference solution. According to equation (12), we can consider two limiting
cases.

Yoo+ ¥y c0s0 =y, (12)

where vs1, yLv, Ysv and 0 represent the surface energy between a solid(Alloy 600) and a
liquid(solution), the surface energy between a liquid and a vapor(air), the surface energy
between a solid and a vapor and the wetting angle of a droplet between a solid/liquid and a
liquid/vapor, respectively.

First, in the case of a complete wetting, the wetting angle is zero and ys. + yLv = ysv, which
means that ysv is so large that a droplet is completely wetted. Second, in the case of a zero
wetting, the wetting angle is 1800 and ysv + yLv = ys1, which means that yst is so large that a
droplet is not wetted at all. In reference to the zero wetting case, it is expected that a
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decrease of the wetting angle indicates a decrease of the surface energy between a solid and
a liquid when yLy and ysy are not changed significantly by adding additive into a solution.
From the result of Fig. 14, PbO is preferentially adsorbed on the Alloy 600 surface when PbO
is added into an aqueous solution leading to a lead incorporation in a surface oxide.
However, the wetting angle was decreased more when PbO and NiB were added into a
solution simultaneously. This indicates that the NiB introduced into a solution competes
with the PbO to adsorb on the surface of Alloy 600 and is more preferentially adsorbed on it
leading to a lesser incorporation of lead in the oxide as shown in Figs. 11 and 12. As shown
in Figs. 1 and 2, the thickness of the oxide layer whose composition was similar to the
chemical composition of the oxide layer formed in a solution without NiB was increased by
the addition of NiB without PbO. Moreover the addition of NiB into a solution without PbO
did not reveal any detrimental effect on the SCC resistance (Yi et al., 2005). Therefore, a fast
adsorption of NiB on the Alloy 600 surface at an early stage of an exposure in an aqueous
solution can affect an oxide properties and hence its SCC resistance. Inhibitive mechanism of
NiB should be clarified more in the future.
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Fig. 14. Wetting angle obtained for Alloy 600 at 315°C as a function of an ammonia solution:
(a) without additive (reference solution), (b) with PbO and (c) with PbO and NiB (Kim, D.-J.
et al., 2010).

4, Conclusions

The results are summarized as follows.

1. In the unleaded mild caustic solution, a relatively passive duplex oxide layer, ie.,
porous nickel-rich outer layer (NiO and Ni(OH),) and dense chromium-rich inner layer
(Cr205) was formed while the duplex oxide layer was not observed and cations were



Analysis of Oxide on Steam Generator Tubing Material
in High Temperature Alkaline Leaded Solution 39

depleted by lead incorporation in the oxide layer formed in the leaded mild caustic
solution.

2. Lead was incorporated into the oxide layer as a metallic state and a lead oxide state.
Lead incorporation into the oxide degraded the oxide passivity leading to the SCC
susceptibility.

3. From the thermodynamic considerations supplemented by the experimental results in
the high temperature leaded solution, the Ni as a Ni oxide state as well as the Ni as a
metallic state can be depleted unlike Cr and Fe. Moreover cations in the oxide can be
depleted by the Pb electrodeposition. The Pb incorporation would prevent the passive
oxide formation composed of Ni, Cr, Fe and O.

4. HTMA Alloy 600 was susceptible to a PbSCC in a mild alkaline solution rather than a
strong alkaline solution, whereas Alloy 690 was very susceptible to a SCC as well as
PbSCC in highly caustic solution.

5. PbSCC was significantly reduced by adding NiB as an inhibitor, which was consistent
with the reduction in an incorporated Pb amount and the increase of electrochemical
impedance, accompanied with a significant recovery of the cation depletion. The
passivity of the surface oxide was increased in the order of the surface oxide formed in
a solution with PbO, PbO+NiB and a reference solution, which was in good agreement
with the order of the SCC resistance. It is anticipated that the fast adsorption of NiB on
the Alloy 600 surface at an early stage of an exposure in an aqueous solution can affect
an oxide properties and hence its SCC resistance.
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Burst and Leak Behaviour of
SCC Degraded SG Tubes of PWRs

Seong Sik Hwang, Man Kyo Jung, Hong Pyo Kim and Joung Soo Kim
Korea Atomic Energy Research Institute
Republic of Korea

1. Introduction

Steam generators of Pressurized Water Reactor (PWR) have suffered from many types of
corrosion, such as pitting, wastage and stress corrosion cracking (SCC) in the primary and
secondary sides (Kim 2003, MacDonald, 1996). Some failure events of steam generator tube
have been reported in some nuclear power plants around the world(MacDonald, 1996). In
order to prevent the primary coolant from leaking into the secondary side, the tubes are
repaired by sleeving or plugging(Benson, 1999). It is important to establish the repair criteria
to maintain the plugging ratio within a plugging limit which allows successful plant
operation.

In the international steam generator tube integrity program (ISG TIP) supported by the US
NRC (Nuclear Regulatory Commission), tasks such as in-service inspection technology
development, and studies on steam generator tube degradation modes had been
undertaken. As a part of the cooperation work, leak and burst tests were carried out, and the
burst behaviour of axial mechanical flaws was studied. Leak rate from archive tubes were
measured under different water pressures in order to understand the leak behaviour under
operating and accident conditions of PWRs.

2. Experimental

2.1 Burst pressure measurement of mechanical notched specimens

Various types of axial (longitudinal along the tube) EDM notches were machined on SG
tubes of 195 mm long. The tubes were 19.05 mm in outside diameter, and 1.07 mm in
thickness as shown in Table 1. They were fabricated from high temperature mill annealed
alloy 600, of which the yield strength and ultimate tensile strength were 241 MPa and 655
MPa, respectively. The leak rate and ligament rupture pressure for the part through-wall
defects were measured for the tubes at room temperature. The lengths of the part through-
wall defects ranged from 5 mm to 62 mm.

Tests with 100 % axial through-wall defects were carried out to measure tube burst pressure
at room temperature. The lengths of the 100% through-wall defects ranged from 12 mm to
30 mm. A flexible plastic tube is usually used for the through-wall defect to ensure leak
tightness during the pressurization (Cochet, 1991). In this test, however, it was attempted to
obtain crack opening displacement (COD) variation during a slow pressurization. Flexible
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Tygon™ tubes (bladder) of 175 mm long were used for 100% through-wall tubes in both
slow pressurization and fast pressurization.
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Table 1. Information on the tested tubes

To determine the impact of the pressurization rate on the rupture/burst pressure, different
pressurization rates were applied for the same types of tube defects. Water leak rates just
after the ligament rupture or burst were measured by a balance; water coming out of the
failed tube was collected in a plastic container for designated time, and the leak rate was
calculated by dividing the amount of water by time. The water flow rate through the tubes
and the pressures versus time were recorded on a computer. Evolutions of the crack
opening during the pressurization were recorded using a conventional digital camera.

The length and depth of the defects of the tubes were measured using eddy current, and the
tubes were transferred to the leak and pressure test.

Table

Leak rate tests were performed for the degraded tubes specimens at room-temperature
using a high pressure leak-rupture test facility (Fig. 1).

DI Pressure
1verter
Relief  Control Transducer Protective
Valve enclosure
H —High ube specim
Booster | [Pressure
Pump | [Pump Flow
3000-L ||0.5 MPa| [52MPa Meter "Air vent
Water ||46 I/Min (7500 psi Test
Tank 46 1/min Control
(12 GPM Valve to Drain

Weight measurement

Fig. 1. High pressure leak and burst test facility

2.2 Development of SCC tubes

Laboratory induced stress corrosion cracks were developed in steam generator tube
specimens using the ANL SCC production facility and the techniques described in reference
(Diercks 2000). Two heats of Korean archive alloy 600 tubes (Heat NX 9824, NX 6312,
Carbon 0.024 %) were used in the work. The alloy 600 tubings, which have a 19.05 mm outer
diameter and a 1.07 mm wall thickness, are mill annealed at high temperature. The tube
specimens, which are 356 mm long, were sensitized at 600 °C for 48 hours in a vacuum tube
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furnace. In order to avoid any oxidation on the surface of the tubes, the furnace was
vacuumed and back filled with helium and hydrogen gas mixture three times. The surface
of the tubes was abraded by emery paper # 600 followed by acetone cleaning before being
subjected to the SCC development.

The outside diameters (OD) of the tube specimens were exposed to 1 M sodium
tetrathionate solution at room temperature and pressurized with nitrogen gas to a pressure
of 20.7 MPa. The cracking procedure was stopped when a pressure drop on the tube was
observed, indicating that a leak had occurred. The time to form the through wall crack
varied from 69 hours to 607 hours depending on the tube. Crack development test
conditions and results for each tube are shown in Table 2. The length and depth of the
defects of the tubes were checked by the eddy current method, and the tubes were
transferred to the leak and pressure test step.

Crack SCC

Tube ID type Time(hours) Cursory ECT

SGHO0L  ODaxial 088 OD. 95%/5.08mm. 90%/11.43mm
SGHO002 " 67.8 Axaal indication(1)

SGHO005 " 08.8 90%/15.21mm

SGHO006 " 68.8 Axial indication(1)

SGH009 " 404 0D, 80%/10.2mm

SGHO10 ! 607 0D, 85%.5.08mm

SGHO12 ID axial 264 ID, 100%. 24mm

(1) Not quantified
-Material: Alloy 600 HTMA ->Sensitized for 48 hrs @ 600 °C
-SCC developed in 1 M Na2S406 at Room Temp.

Table 2. Laboratory Stress Corrosion Cracking of the Archive Tubes

2.3 Large leak rate measurement

Leak rates in the degraded tubes were measured in a room-temperature, high-pressure test
facility and a high-temperature, pressure test facility. The room temperature test facility is
equipped with a water pressurizing pump, a test specimen section, a control unit and is
described in NUREG/CR-6511 (Diercks 1998). In this facility, the first leak from the tube can
be detected by eye through the transparent plastic window, and the leak rate at a given
pressure can be measured by weighing the water from the leak. The pressure was held at
10.8, 13.8, 17.2, 20.7 and 27.6 MPa for 5 to 10 minutes to determine the variation of the leak
rate with the pressure. For some tubes, the burst pressures were determined.

A high temperature pressure test was undertaken to investigate the leak behaviour at the
PWR operating temperature of 282 °C. The high-temperature facility consists of a high
temperature water reservoir and a test section where the temperature of the specimen and
the pressure difference across the tube are controlled. The maximum pressure difference in
this test is around 19.3 MPa. Details of this facility are also described in NUREG CR-6511
(Diercks 1998).

During the first stage of the room temperature pressure testing, the pressure at the first leak,
the leak rate at certain pressures and the burst pressures were determined. Two specimens,
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SGH002 and SGHO006, were prepared for this work. In the second stage of the test, 0.7 MPa
pressure increments and 4 to 10 minute holds were adapted to obtain the first leak pressure
and leak rate changes with time. The pressurization was stopped when a measurable leak
rate could be obtained to avoid an unstable burst, which makes the metallography harder.
Specimens SGH001, SGH005, SGH009, and SGH010 were used for this analysis.

For the high temperature pressure test, specimens SGH005 and SGHO012 were used. The
pressure was raised to 8.3 MPa and held for 45 minutes and then increased to 19.0 MPa
slowly while checking for an indication of a leak at the muffler at the exit of the test section.

2.4 Time dependent leak rate measurement

The inside of the tube was pressurized with water. The water pressure was increased until
the tube shows a leakage. The first leak from the tube can be detected visually by the naked
eye through a transparent plastic window. The leak rate at a given pressure was measured
by weighing the water from the leak. The pressure was held at a certain value for a
designated time to measure a leak rate. The water pressure was then increased further while
opening the crack. The pressurization was stopped when no increase of the leak rate was
recorded. Leak rates were measured under constant pressures at different elapsed times in
order to observe a change of the leak rate with time.

2.5 Leak rate prediction method

Leak rate based on the prediction model developed by ANL was adapted in order to analyse
the leak behaviour of the archive tubes (Majumdar 2000). The equation used in the analysis
is:

Q=50.9x106 A (P/p)0.5 [I/min] (1)

Where A is the crack opening area in m2, P is the pressure difference across the tube wall in
MPa, and p is the density of the water in kg/m3 (1000 kg/m3 at room temperature, 735
kg/m3 at 282 °C ). Fracture mechanics analyses were done to calculate the crack opening
area, using the methods described in Refs (Majumdar 2000, Zahoor 1989). In the case of the
Korean tubes that had been heat-treated as part of the process for producing SCC, the yield
stress was considered to be the same as the received materials based on a prior experience
with heat treatment. Yield stress for a high temperature calculation was estimated to be 10%
lower than that at the room temperature(Majumdar 2000). Yield stress of 265.5 MPa and
248.2 MPa for UC4 and YGS5,6 respectively was used for the room temperature evaluation.
In the case of a high temperature calculation for SGH005, 221.3 MPa was used as the
reduced yield stress in the leak rate calculation at 282 oC.

3. Results and discussion

3.1 Crack opening displacement of axial notches

COD as a function of the applied pressure is important in the modeling of a ligament
rupture or the burst pressure in SG tubes. In the preliminary test, the COD increased a little
as the pressure increased during the slow pressurization as shown in Fig. 2. When the
pressure reached 10 MPa, the flaw began to show a COD increase. The COD corresponding
to an applied pressure of 36 MPa was larger than that corresponding to 10 MPa. Whereas
the tube integrity was sustained before ligament rupture, a small pressure increase of 1 MPa
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caused the tube ligament rupture followed by a burst. Finally, the tube showed a fish-mouth
like opening as shown in Fig. 2.
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Fig. 2. Crack opening behaviour of a part through-wall flaw
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Fig. 3. Crack opening behaviour of a 100% through-wall flaw

Through-wall defect tubes showed a larger COD than that of the part-through-wall defect
tubes at the same pressure as shown in Fig. 3. The 175 mm long bladder inserted inside the
25 mm long 100% TW defect tube (KY56044) was perforated at 4.5 MPa, a water jet came out
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of the bladder. The bladder extruded out of the defect when the pressure reached at 8.5
MPa. A hole in the bladder was enlarged at a constant pressure, and then the COD of the
tube increased for 2 to 3 seconds. There was an extrusion of the bladder throughout the tube
opening followed by a tube rupture. The opening was not evaluated quantitatively in this
test.

3.2 Effect of the defect depth and length on the rupture/ burst pressure

Burst pressures as a function of the defect depth are plotted in Fig. 4. Closed symbols and
open symbols are obtained in the present study and acquired from another research group
(Cochet, 1991), respectively. Rupture pressures have a linear dependency with defect depth.
These results suggest that the rupture pressure of the part through-wall tubes depends
rather on the defect depth than on the defect length.

In the case of the 100% through-wall defects, they showed a strong length dependency from
about 12 MPa for a 50 mm long defect to 45 MPa for a 7 mm long defect. Fig. 5 shows the
rupture pressures as a function of the defect length. Closed symbols were obtained in the
present study. Rupture pressure of 50 % TW defect and 75 % TW are around 35 MPa and 20
MPa, respectively regardless of their length from 25 mm up to 62 mm. Short defects below
25 mm, however, showed a dependency with the defect length.

3.3 Relationship between the flow rate, defect depth and defect length

Flow rates after the rupture of the part through-wall defect tubes were measured. Defect
depths were 50% and 75 % of the wall thickness, and the defect lengths ranged from 25 mm
to 62 mm. Regardless of the defect types, the flaws showed a similar flow rate of around 45
1/min, which was the maximum flow capacity of the testing system as shown in Fig. 6.
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Fig. 4. Effect of the defect depth on the burst pressure
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3.4 Effect of the pressurization rate on the burst pressure of a through- wall defect
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A through-wall defected tube showed three stages of rupture behaviour as presented in Fig.
7; flexible plastic tube burst (stage A), the tube hole enlarged (stage B), and finally, the SG
tube burst (stage C). The pressure dropped from 6 MPa to 2 MPa when the flexible plastic
tube burst. When the internal water pressure increased as in stage B, the flow rate increased.

The tube burst occurred at about 9 MPa.
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Fig. 8. Burst behaviour of the through-wall defect in a fast pressurization

Fast pressurization led to a different burst behaviour as shown in Fig. 8. The pressurization
rate was about 7.5 MPa/sec (1087 psi/second). A pressure fluctuation between 3 MPa and 7
MPa was recorded. Maximum flow rate was achieved 2 seconds after the tube burst. Burst
pressure of the tube was about 7.5 MPa, which is smaller than that of a slow pressurization
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(9 MPa). It has been reported that there was no burst pressure difference between fast and
slow tests without a foil (Keating, 2001). It has also been reported that if a foil reinforcement
was used in the fast tests, an average burst pressure increased would be about 25 %. In case
of the part through-wall defects, the ligament rupture pressure was reported to increase
when the pressurization rate increased (Kasza, 2002). In this test, however, the two tubes
were not equipped with a foil. It is considered that the reinforcement effect of the foil was
not shown, the tube with the slow pressurization showed a high burst pressure due to the
toughness of the bladder itself.

Failure morphologies after the burst of the through-wall defect with a bladder in the two
pressurization modes are shown in Fig. 9. The flexible plastic tube extruded out of the SG
tube after the burst in the slow pressurization mode, while the plastic tube was torn like a
fish mouth in the high pressurization mode. The SG tube failure morphologies, however, are
similar. This explains that the flow rates after the SG tube burst are similar at about 45
1/ min.
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Fig. 9. (a) Fast Pressurization: Fish mouth like failure of the bladder: Burst at 7.5 MPa
(b) Slow Pressurization: Squeezed out of the bladder Burst at 8.9 MPa

3.5 Room temperature pressure test

The first leak was detected at 17.2 and 24.3 MPa for specimens SGH002 and SGHO006,
respectively. These pressures are similar to those used in the cracking procedure, 20.7 MPa
at which it was confirmed that the tube contained a 100 % through wall crack produced by
SCC under nitrogen gas pressure. A droplet was formed on specimen SGH002 at 17.2MPa,
but it did not grow any more during a 5 minute hold at that pressure. At 22.0 MPa, the leak
rate increased to one drop every 3 seconds. The leak rate was 0.24 1/min at 29.6 MPa and
4.28 liter/min at 34.5 MPa, and the specimen ruptured at 35.9 MPa. Fig. 10 shows the crack
of SGHO02 after the pressure and leak test done at room temperature. The crack was torn
like a fish mouth, which was formed during the rupture at 35.9 MPa, and the length was
about 11 mm.
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Fig. 10. Crack morphology of SGH002 taken by SEM after the pressure/leak test at room
temperature

Specimen SGH006 developed a water spray at 23.4 MPa, which subsequently decreased to a
droplet flow with a drop occurring every 4 seconds. It showed a leak rate of 0.27 1/min at
27.6 MPa and 3.87 1/min at 34.5 MPa and ruptured at 39.3 MPa. This tube did not show a
leakage at 10.8 MPa and 17.2 MPa.

The pressure test results are summarized in Table 3. Though both tubes had a 100 % through
wall penetration, they did not leak at the operating pressure of 10.8 MPa. So, throughwall
cracking is not a sufficient criterion for a detectable leakage. On the contrary, the crack opening
or tightness is more important for showing a certain amount of the leak rate.
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In the second stage of the test, specimens SGH001, SGH009, and SGH010 did not leak at 10.8
MPa, which is the nominal normal operating pressure difference, even after a 5 minute hold
time. The first leak pressures of the specimens SGH001, SGH009, and SGH010 were 25.0,
20.7, 22.8 MPa respectively, even though these tubes showed a nitrogen gas leak at 20.7 MPa
during crack development. The first leaks were in the form of a single water drop forming
every 4 to 8 seconds. The droplet changed into a water jet after the pressure was increased
by an additional 2.4 MPa. Leak rates were measurable above the pressure at which an actual
jet formed. The initial leak rates for each specimen were 0.19 1/min at 31.7 MPa for SGHO001,
0.019 I/min at 24.1 MPa for SGH009, and 0.13 1/min at 29.7 MPa for SGH010. For all three
tubes, the leak rates increased with time due to an increase in the crack opening areas at a
high pressure, but then they reached a constant leak rate after about 30 minutes.

Fig. 11 shows specimen SGHO01 after the pressure test at room temperature. Two or more
cracks are linked with each other along the axial direction, and they showed different
opening areas.

Fig. 11. Flaws on SGHOO01 after the pressure/leak test at room temperature

Crack length on the inside of the tube is shorter than that on the outside of the tube. It is
considered to arise from two factors; one of them is the inside pressurization procedure and
the other is the crack development procedure in which the crack is initiated on the outer
surface. The effective crack length, which controls the leak rate, is considered as the shorter
length on the inner surface. The relationship between the leak rate and crack length is
shown in Fig. 12.

The room temperature pressure test for tube SGH005 was carried out after the high
temperature pressure test, which is described later in this section. The tube demonstrated a
non-measurable leak in the high temperature pressure test. After the high temperature
pressure test, where a non-measurable leak was detected, the specimen was heat tinted at
600 oC for 4 hours to simplify the metallography.

The crack seemed to open during the heat tinting, and showed a jet spray at 0.4 MPa, a leak
rate of 0.23 I/min at 10.8 MPa and 0.43 1/min at 20.7 MPa. Fig. 13-(b) shows the crack after
the room temperature pressure test, the length of the flaw increased a little, but other
features such as crack opening do not appear to be very different from that in Fig. 13-(a),
which was obtained after the high temperature pressure test. In order to determine the
unstable burst pressure of the flaw, SGH005 was pressurized with a pressurization rate of
6.9 MPa/second. Leak rate was 44.28 1/min at the peak pressure of 34.5 MPa. There was no
big change in the flaw length even after the unstable burst, whereas the crack opening
increased.
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Fig. 14. Eddy current examination for SGH005, (a) before HT pressure test, (b) after HT
pressure test
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3.6 High temperature pressure test

Specimen SGHO005, which had been confirmed as a 100 % through wall crack during the
crack development, was subjected to the high temperature pressure test first. The tube did
not show a leak until the pressure was 18.6 MPa. At the internal pressure of 18.6 MPa, steam
was detected at the end of the muffler of the test facility. The leak rate was considered to be
as low as 0.1 I/min. The leak, however, stopped after 55 minutes; no further steam was
detected even after the pressure increased to the maximum value possible of 19.0 MPa in the
facility. After holding it at the maximum pressure for about 10 minutes, the test was stopped
and the specimen was cooled down for further testing by using the room temperature test
facility.

This behaviour may be interpreted as due to a crack closure effect inside the tube while
opening up the outer crack by the internal pressure. ECT (Eddy current test) indicated that
the effective length of the crack after the pressure test decreased to 12.7 mm from 15.2 mm,
whereas, the EC voltage increased to 99 volts after the pressure test from 30 volts before the
pressure test as shown in Fig. 14. These ECT results suggest that a crack closure could have
occurred during the pressurizing. However, the ECT results and the leak behaviour could
be fortuitous.

SGH 012, which had an inside crack of 23 mm long, showed a similar behaviour at 282 °C. It
did not show a leakage at 17.2 MPa for 135 minutes. But it showed a water spray at 8.3 MPa
during the room temperature leak test.

3.7 Leak rate prediction
This work analyzed three specimens, SGH001, SGH009 and SGHO010, which were

pressurized to different levels and then the stable leak rates were measured before the final
unstable burst.
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Fig. 15. Comparison of the calculated and measured leak rate for the tube SGH001
(1000 ps i= 6.9 MPa)

Four different pressures were applied to obtain the leak rate from SGHO01. The first leak
from the tube was recorded at 25.0 MPa in the form of a single water droplet. A leak rate of
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that kind of drop is considered as less than 0.01 1/min, the calculated crack length based on
the leak rate model described in section 2.3 was about 0.6 mm. A measurable leak rate was
obtained at 31.7 MPa, it changed a little with time at that pressure. According to the leak rate
model, the calculated crack length was 2.10 mm for the final leak rate of 0.25 1/min as
shown in Fig. 15. Crack lengths of the main crack of this tube were 3.85 mm and 1.55 mm
outside and inside respectively. The calculated crack length of 2.1 mm was between the
measured inside diameter crack length and the outside diameter. From the difference of the
crack lengths between the measured and calculated one, it is considered that some of the
final leak rate came from the minor cracks. The calculated crack length is also based on a
simple rectangular model of the crack shape. The opening of the crack is clearly not going to
be as constrained as it would be for a 1.55 mm long rectangular crack. When the pressure
reached 31.7 MPa, the calculated leak rate for the 1.55 mm crack was 0.12 1/min. The
measured value of 0.25 1/min is close to the calculated value for the 2.10 mm crack.

In the case of SGHO009, a leak rate of 0.023 1/min was obtained at 24.1 MPa. The calculated
crack length was 1.0 mm, which is longer than the inside crack length and much shorter
than the OD crack length. The measured leak rate of 0.023 1/min is for the leak rate line for
the 1.0 mm crack length as shown in Fig. 16. This means that the effective length of the flaw
in SGHO09 is also between the measured inside and outside diameter crack lengths.
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- O- for 7.0 mm (OD.)|  SGH 009
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c |—®—for0.41mm(ID.)|
= i [
£ 6 | -
g | i
s
3 ] &
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0 1000 2000 3000 4000 5000

Pressure difference, psi

Fig. 16. Comparison of the calculated and measured leak rate for the tube SGH009

(1000 psi = 6.9 MPa)

Fig. 17 shows the relationship between the leak rate and the effective crack length of tube
SGHO010. Like tube SGHO001, this tube showed a time dependent increase of the leak rate.
Final leak rate was 0.16 1/min at 29.6 MPa, and this corresponds to an effective crack length
of 1.9 mm. The calculated crack length was longer than the measured inside diameter crack
length of 1.07 mm. Unlike tube SGHO01, both tubes had effective crack lengths significantly
greater than the limiting inner diameter length. This may be due to the larger ratio of the
outer to inner diameter crack length, which leads to a lessened constraint on the crack

opening.
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Fig. 17. Comparison of the calculated and measured leak rate for the tube SGHO010

3.8 Time dependent leak rate evolution of SCC cracks

The measured leak rates were compared with those of the estimated ones based on the leak
rate model developed by Argonne National Laboratory (Majumdar 2000). The SCC flaws
have a characteristically different flow path through crack surface and showed a different
leak behaviour from that of mechanically machined flaws. Several SG tube specimens with
various SCCs were tested for the present investigation (Table 4).

Specimen No. Flaw ID Flaw type [n?n?fZ] L;: r?‘t]h
KY56066 flaw-1 Axial 0.059 3.51
flaw-2 " 0.038 3.766
flaw-3 " 2.073 111
KY56068 flaw-1 " 0.648 15.04
flaw-2 ! 0.282 7.29
KY56069 flaw-1 Circumferential 0.069 8.586
flaw-2 " 0.23 7.269
flaw-3 " 0.027 4.13
KY56070 flaw-1 " 0.123 6.97
flaw-2 " 0.082 6.02

Table 4. Feature of the cracks developed on the SG tubes

Fig. 18 shows the typical behaviour of the pressure and leakage rate during a water
pressurization on a degraded SCC tube. In the case of the KY56065 specimen, the main crack
opened at 42 MPa and a leakage began to be recorded. As the pressure increased, the crack
opening area also increased. It was considerably torn at 48 MPa, and the water pressure
decreased while the flow rate increased. A further increase of the water pressure at the test
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time of 670 seconds enabled the crack to open further. Consequently, the leak rate rapidly
increased.

Fig. 19 shows the crack features after the burst test. An initial leakage came from the
circumferential cracks and a following leakage was originated from the axial ones. This is
because the depth and length of the circumferential cracks are much deeper and longer than
those of the axial ones respectively. On the other hand, it is also because the hoop stress is
two times larger than the axial stress during a water pressurization.

The measured leak rate and an estimated one based on the leak rate model(Majumdar 2000)
are shown in Fig. 20. The final measured pressure and leak rate are presented in this figure,
and the photos in Fig. 19 were also obtained after a final pressurization at 31 MPa. The
measured leak rate of 27.521/min at 31 MPa corresponds to an equivalent crack length of 6.7
mm which is calculated from the leak rate model. Then the length of the main crack after the
burst was 5 mm long, and there are multiple cracks, whose lengths were 1 mm to 5 mm as
shown in Fig. 19. Since the cracks are not singular, it is hard to compare the measured crack
length with the estimated one.
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Fig. 18. Leak behaviour for a degraded SCC tube at room temperature
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Fig. 19. Feature of the cracks after the burst test of the KY56065 specimen
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Fig. 20. Comparison on the leak rate measured and estimated based on the leak rate model

The tube showed different leak rates depending on the internal water pressure as depicted
in Fig. 21. When considering a pressure difference of 8.5 MPa between the primary and
secondary side of the SG tubes, the leak rate of 0.81 I/min at 26 MPa is not that big. On the
other hand, the leak rate model estimates a rate of 0.32 1/min for a 6.7 mm long crack at 8.5
MPa. It can be said that multiple cracks of over 5 mm in length on a tube do not reveal the
action level 1(78.85 1/min) of the EPRI leakage guide line (EPRI, 2000).
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Fig. 21. Dependency of the leak rate on the pressure of a SCC degraded SG tube
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The length of the cracks observed in operating steam generators is generally less than 10
mm long, as shown in Fig. 22. Based on the leak rate evaluation from the present work,
these cracks might show a negligible leakage even when they are throughwall.

Leak rate from the SCC flaws at a constant pressure showed different behaviours depending
on the crack tightness, crack length, or surface morphology of the cracks as shown in Fig. 23.
and Fig. 24. A small increase in the leak rate was observed for one specimen (KY56069).

The specimen of KY56069 might have a tight crack, so it did not show a leak increase with
the time at a constant pressure. The fact that the type of crack was circumferential seems to
be another reason for the leak behaviour. The other specimen, KY56068, however, showed a
distinct increase of the leak rate with the time at a constant pressure as shown in Fig. 24. As
indicated in Table 4, COA (Crack Opening Area) of the KY56068 is much larger than that of
KY56069. Longer crack length of KY56068 also explains the increasing leak rate with time at
a constant pressure.

Fig. 22. Feature of the cracks from an operating steam generator

4. Conclusions

While the tube integrity was sustained before the burst, a small pressure increase of 1 MPa
caused a tube ligament rupture followed by a burst. For the studied flaw length from 25
mm up to 62 mm, burst pressure of the part through-wall tubes depends rather on the defect
depth than on the defect length. Flow rates after a ligament rupture of the part through-wall
defect or a burst of the through -wall defect tubes were similar. Burst pressure of a through-
wall defect in a fast pressurization was smaller than that of a slow pressurization.

Although all the specimens had 100% throughwall cracks developed under a pressure of
20.7 MPa, none leaked at the plant operating pressure in water. In this test, the outside
crack length was at a maximum 17 times longer than the inside crack in a tube. The first
leak in the form of a water droplet was detected between 17.2 MPa and 24.8 MPa depending
on the flaws. Burst pressure of the through wall crack of 10 mm long was 35.9 to 39.3 MPa.
Calculated leak rate for a crack length relatively close to the inside diameter crack length
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(which is much smaller than the outer diameter crack length for the cracks in these tests) fits
the measured leak rate well.
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Fig. 23. Leak rate behaviour for the tight corrosion crack at a constant pressure
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Fig. 24. Leak rate evolution for the large open crack at a constant pressure

SCC crack showed a ligament rupture at the first stage of the pressure test, then a tearing of
the main crack and an opening of the crack followed. Measured leakage rate from the SCC
flaws agreed reasonably agreed with the estimated value of the leak rate model. Multiple
cracks of over 5 mm in length on a tube showed a much lesser leakage rate than the EPRI
leakage guidelines, action level 1 (78.85 1/min). The large open and long axial crack showed
an increasing leakage rate with the time at a constant pressure.
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In-situ Monitoring of SCC of Alloy 600 SG
Tubing in PWR using EN Analysis
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1. Introduction

Nickel based alloys such as Alloy 600 and 690 have been used as the steam generator (SG)
tubing materials in a pressurized water reactor (PWR) due to their high corrosion resistance.
However, many types of corrosion have occurred in highly caustic environments containing
some oxidizing impurities, especially in SG sludge piles, because the highly caustic
conditions can be developed in the heated crevices of PWR SG’s (Jacko, 1990). Among those
impurities, Pb is well known to assist in stress corrosion cracking (SCC) of the SG tubing in
the caustic environments (Sakai et al., 1990). Many authors reported on the cracking modes
of SCC in Pb-contaminated solutions and the role of Pb on the passive films formed on
nickel-based alloys to explain the mechanism of SCC (Hwang et al., 1997; Hwang et al., 1999;
Kim et al., 2007; Kim et al., 2008).

Recently, there was an approach to investigate the mechanism by distinguishing between
the initiation and propagation stages of Pb-assisted SCC using an electrochemical noise (EN)
technique (Kim & Kim, 2009). The EN is defined as a fluctuation of the electrochemical
potential or current which is observed experimentally to be associated with localized
corrosion processes (Cottis et al., 2001; Stewart et al., 1992). From the analyses of the EN
parameters such as the frequency of events, the average charge of events, the noise
resistance (Al-Mazeedi & Cottis, 2004; Cottis, 2001; Sanchez-Amyay et al., 2005), and the
mean free time-to-failure (Kim & Kim, 2009; Na & Pyun, 2007, Na et al., 20007a, Na et al.,
2007b), various types of localized corrosion are distinguishable from each other. Therefore,
the EN monitoring technique has become a useful tool for characterizing such localized
corrosions as pitting corrosion, crevice corrosion and SCC.

This work is aimed to analyze the EN generated during Pb-assisted SCC of Alloy 600 at high
temperature. The EN was measured from C-ring specimens in the highly caustic solution
containing oxidizing impurities in two different ways: in a potentiostatic controlled current
noise (PCCN) mode, the electrochemical current noise (ECN) was measured from the
stressed C-ring specimen by applying an anodic potential. In an uncorrelated three electrode
current and potential noise (UCPN) mode, the electrochemical potential noise (EPN) and the
ECN were measured simultaneously from the stressed C-ring specimen. Changes in an
amplitude and time interval of the ECN and EPN, and variations in power spectral density
of the ECN and EPN were analyzed in terms of the initiation and propagation of Pb-assisted
SCC of nickel-based alloys in the highly caustic solutions at high temperature.
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2. Experimental

2.1 Preparation of C-ring specimens

Alloy 600 SG tubing (Valinox Heat No. NX8527) with 22.23 mm outer diameter (OD), 1.27
mm thickness was used for this work. The chemical composition of the materials is given in
Table 1. The tubing was pilgered by the manufacturer, and heat treated in our laboratory at
920 oC for 15 min in an Ar-filled quartz capsule in a furnace, followed by water quenching,
to simulate low-temperature mill-annealing (LTMA). The C-ring specimens were fabricated
from the Alloy 600 SG tubing in accordance with the ASTM G38 standard. The OD surface
of the specimens was ground by #1000 emery paper, and then cleaned with ethanol and
water in sequence. The C-ring specimen was stressed to 150 % of its room temperature yield
strength (YS) at the apex using an Alloy 600 bolt and nut.

C Mn Si P S Ni Cr Ti Al Co Cu Fe

0024 023 013 0.005 <0.001 7490 1537 028 020 0.016 0.009 8.84

Table 1. Chemical composition of the Alloy 600 materials (wt%)

2.2 Electrochemical noise measurements

Fig. 1 is a schematic of the C-ring test facility and the EN experiments (Kim & Kim, 2009).
The EN measurements were carried out with a Zahner IMée equipped with a Zahner
NProbe. In the PCCN mode, only ECN was recorded between the stressed and unstressed
specimens during applying an anodic potential of 100 mV vs. open circuit potential (OCP).
No information about the EPN was obtained in the PCCN mode. On the other hand, in the
UCPN mode, the EPN of the stressed specimen were recorded relative to a reference
electrode simultaneously with the ECN between the stressed and unstressed specimens at
OCP.

The reference electrode was an external Ag/AgCl/KCl (0.1 M) electrode, specially designed
and constructed for high temperature and pressure applications (Toshin-Kogyo Co., UH
type). For reliable measurements of the electrochemical potential, the reference electrode
was reassembled and recalibrated frequently during the interruption of the test series. The
sample interval and the frequency bandwidth were 0.5 s and 1 mHz ~ 1 Hz, respectively.
The power spectral density and the frequency of events were calculated from each set of
time records that consisted of 2,048 data points acquired for 1x103 s.

2.3 C-ring immersion tests

In the PCCN mode, the test environment was an aqueous solution of 40 wt% NaOH
containing 0.01 wt% PbO (leaded caustic solution). Pb-assisted SCC was accelerated by the
potentiostatic method by maintaining the electrochemical potential in the active-passive
range for Alloy 600 in caustic environments (Kim. et al., 2005). The C-ring tests in the PCCN
mode were performed at 315 oC for 110 h.

In the UCPN mode, the tests were carried out in the leaded caustic solution, and that
solution plus 500 ppm CuO. CuO was added to the leaded caustic solution to accelerate Pb-
assisted SCC because CuO is a well-known oxidizing species that increases the corrosion
potential and promotes Pb-assisted SCC (Jacko, 1990; Kim. et al., 2005). The C-ring tests in
UCPN mode were performed at 290 °C for a total accumulated immersion time of 400 h, and
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consisted of two phases of immersions in sequence; (a) 278 h in the leaded caustic solution
(40 wt% NaOH with 0.01 wt% Pb) and (b) 122 h in that solution plus 500 ppm CuO. The
addition of CuO caused an increase of the electrochemical potential by about 150 mV. The
surfaces of the specimens were intermittently examined for cracking using an optical stereo-
microscopy and scanning electron microscopy (SEM, JEOL JSM-6360).

Prior to the immersion test, the test solution was deaerated with 99.99 % nitrogen gas for 20
h. After the entire immersion test, the specimens were chemically etched with a solution of
2% bromine + 98% methanol, and then examined by SEM equipped with an energy
dispersive spectrometer (EDS, Oxford-7582).
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Fig. 1. Schematic of the C-ring test system and the electrochemical noise experiment

3. Results and discussion

3.1 Spectral analysis of electrochemical noise in PCCN mode

Fig. 2 gives the time record of the ECN measured from the stressed C-ring specimen in the
leaded caustic solution at 315 °C for 110 h by the EN technique in the PCCN mode. There
were abrupt changes in the ECN after immersion for 132x10% s (points B, C, D and E in Fig.
2), which have generally been observed during localized corrosions such as pitting
corrosion, crevice corrosion, intergranular corrosion and SCC (Al-Mazeedi & Cottis, 2004;
Cottis, 2001; Cottis et al., 2001; Kim & Kim, 2009; Sanchez-Amyay et al., 2005; Stewart et al.,
1992). As compared with the ECN at point A, the ECN revealed repetitive current rises
followed by fast decay with certain time interval in the time record at points B and C (see
the insert in Fig. 2). This means that discrete events of a localized corrosion are occurring
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from 132x103 to 158x103 s during the immersion in the leaded caustic solution. On the other
hand, from 185x103 to 240x103 s, the ECN revealed current increases followed by slower
decay with longer time interval in the time record at points D and E, indicating the
occurrence of a localized corrosion event inducing larger charge passage than that at points
Band C.

In order to correlate the changes of the ECN with the cracking stages, the test was
interrupted and the surface of the specimen was examined for cracking at accumulated
immersion times of 22, 42 and 110 h. After the immersion test in the leaded caustic solution
for 22 h, the extensive examination of the surface of the specimen ruled out any cracking. At
the accumulated immersion time of 42 h, it turned out that there were many defect sites
such as local break-down of the surface oxide film and micro-cracks initiated with depth of
one grain boundary or less in the OD surface from the SEM analysis of the C-ring apex as
shown in Fig. 3(a). After the entire immersion test for 110 h, one of micro-cracks was
propagated as presented in Fig. 3(b). The crack was propagated in an intergranular (IG)
mode and the crack mouth and tip were covered by a surface oxide film, which is typical of
SCC of Alloy 600 in leaded caustic environments (Hwang et al., 1997, Hwang et al., 1999;
Kim et al., 2007; Kim et al., 2008). The chemical composition of the surface film was analyzed
with EDS, and summarized in Table 2, along with the chemical composition of the Alloy 600
matrix.
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Fig. 2. Time records of the ECN measured in the PCCN mode from the stressed C-ring
specimens in a 40 wt% NaOH solution containing 0.01 wt% PbO at 315 °C for 110 h. The test
was interrupted and the specimen surface was examined for cracking at accumulated
immersion times of 22, 42 and 110 h
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Fig. 3. SEM micrographs of the side surface of the C-ring apex after the accumulated
immersion times of (a) 42 h and (b) 110 h in the leaded caustic solution at 315 C

Position @) Al Ti Cr Mn Fe Ni
Matrix ND* 0.31 0.18 15.74 0.27 8.35 75.14
Crack mouth 21.61 0.34 0.11 5.96 0.15 2.65 69.18
Crack tip 22.04 0.21 0.15 8.88 0.05 4.10 64.57

*ND : not detectable

Table 2. Chemical composition of the matrix and the surface film of the crack mouth and tip
after a whole immersion test in 40 wt% NaOH solution containing 0.01 wt% PbO at 315 oC
for 110 h (wt%)

With the aid of the microscopic analysis, it is easily anticipated that the current rises
followed by steeper decay with shorter time interval in the time record of the ECN at points
B and C in Fig. 2 are mainly due to the initiation of SCC, whereas the current increases
followed by slower decay with longer time interval in the time record at points D and E in
Fig. 2 are attributable to its propagation.

Figs. 4(a) and (b) present the plots of the power spectral density (PSD) vs. the frequency
calculated from each time record of the ECN by a fast Fourier transform (FFT) algorithm at
points A, B and C, and D, E and F, respectively. In Fig. 4(a), it is clearly seen that the PSD of
the ECN obtained at points B and C where the initiation of SCC is expected to occur, is
higher at whole frequency ranges than that obtained at point A where the general corrosion
(the formation of the passive oxide film) occurs on the C-ring surface. Similar behaviors
were found in Fig. 4(b), that is, the PSD of the ECN obtained at points D and E where the
propagation of SCC is supposed to occur, is higher than that obtained at point F, except the
remarkable increase of the PSD at a low frequency limit. The increases of the PSD especially
at a low frequency limit in Figs. 4(a) and (b) strongly indicates the increase in the number of
localized corrosion events, that is, the initiation and the propagation of Pb-assisted SCC,
respectively, as previously reported (Kim & Kim et al., 2009a; Kim & Kim et al., 2009b).
Since the type of corrosion can not be reliably distinguished on the basis of the roll-off slope
(Cottis, 2001), it will not be considered as indicator of localized corrosions in this work.
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3.2 Spectral analysis of electrochemical noise in UCPN mode

Figs. 5(a) and (b) give typical EPN and ECN recorded from the stressed specimen in the
leaded caustic solution for the time period from 982x103 to 996x103 s, and for that solution
plus CuO for the time period from 1406x103 to 1420x103 s, respectively, by the EN
measurement in the UCPN mode. There were typical current increases in the ECN
concurrent with the potential drops in the EPN at points A, C, D and F, which have also



In-situ Monitoring of SCC of Alloy 600 SG Tubing in PWR using EN Analysis

generally been observed during localized corrosions; the current increase corresponding to
the potential decrease means a local break-down of the oxide film resulting in an exposure
and local dissolution of the metal surface, whereas the current decrease accompanied by the

potential recovery indicates a repair of the surface oxide film (repassivation).
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The ECN at points A and C in Fig. 5(a) revealed repetitive current increases followed by
faster decay with shorter time interval when compared to the ECN at points D and F in
Fig. 5(b) exhibiting more localized behavior, that is, current rises followed by slower
decay with longer time interval. It is notable that the behavior of the ECN at points A and
C recorded in the UCPN mode (Fig. 5(a)) was fairly similar with that of the ECN at points
B and C obtained in the PCCN mode (Fig. 2). Also, the ECN at points D and F in the
UCPN mode (Fig. 5(b)) resembles the ECN at points D and E in the PCCN mode (Fig. 2) in
appearance.

After the immersion test in the leaded caustic solution for 278 h, the surface of the specimen
was extensively examined for cracking. From the SEM analysis, the local break-down of the
surface oxide film and many defect sites were found on the surface of the stressed specimen
(Fig. 6(a)). After the entire immersion test in the leaded caustic solution plus CuO for 400 h,
several cracks were propagated in the IG mode (Fig. 6(b)). Consequently, it is strongly
suggested that the current increases in the ECN accompanied by the potential drops in the
EPN in Fig. 5(a) are mainly due to the initiation of SCC and those changes in the ECN and
the EPN in Fig. 5(b) are attributable to its propagation.

Figs. 7(a) and (b) present the plots of the PSD vs. the frequency calculated from each time
record of the ECN and the EPN, respectively, by the FFT algorithm at points A, B and C in
Fig. 5(a). It is obvious that the PSD of both ECN and EPN at points A and C, where SCC is
expected to be initiated in the leaded caustic solution, is higher at whole frequency ranges
than that obtained at point B where the general corrosion (the repassivation of the surface
oxide film) occurs on the C-ring surface. Similar trends were observed in Figs. 8(a) and
(b); the PSD of ECN and EPN at points D and F, where SCC is supposed to be propagated
in the leaded caustic solution plus CuO, is higher than that obtained at point E. It is
noticeable that the PSD of both ECN and EPN due to the propagation of SCC (Figs. 8(a)
and (b)) revealed more dominant increase at a low frequency limit as compared to that
PSD due to the initiation of SCC (Figs. 7(a) and (b)), indicating more localized
characteristics of the propagation of SCC. The results from the spectral analyses of the
ECN and the EPN recorded in the UCPN mode are well coincided with that obtained in
the PCCN mode.

Fig. 6. SEM microg
immersion times of (a) 278 h in the leaded caustic solution and (b) 400 h in that solution plus
CuO at 290 °C
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and (b) the EPN by the FFT algorithm at points A, B and C in Fig. 5(a)

3.3 Stochastic analysis of electrochemical noise

To evaluate the stochastic characteristics of the initiation and the propagation of SCC, a
shot-noise analysis was employed in this work under the assumption that the ECN
concurrent with the EPN is independently produced by the individual event of localized
corrosions. Based on the shot-noise theory (Al-Mazeedi & Cottis, 2004; Cottis, 2001; Sanchez-
Amyay et al., 2005), the frequency of events fn of the localized corrosions is determined
from the time record of the EPN as given by,
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fn = B2/(W&A) 1)

where B is the Stern-Geary coefficient, W the PSD value of the EPN calculated by averaging
several low-frequency points using the FFT algorithm and A represents the exposed
electrode area.

10" s s R
10 .
—a—E 1
: —a—F] ]
0"y 1
10

1™ : " h“l ik » -|

Power Spectral Density from ECN (A Hz")

] h
10 : h‘“n Fy B -
™ -.
o™ :':F
1
"‘5:: 11:-":.,... R e AR
S o100 —e—D 'l
; I' ‘\ —u—E| 3
E'.l 1u"=r —a—F| 3
B o Hitie
= 10°} g :
i e a Wk 1
% 10“[ .hp E ‘K 1
— - M\ S
© | '_l'-h- ]
2 "vr :
az -1.\: ]
'ﬂ;} 10 r(b) 1
DQ. 10-“ ....I. Z i g aagl " " ......I.1 " i g s aagl

Frequency (Hz)

Fig. 8. Plots of the PSD vs. the frequency calculated from each time record of (a) the ECN
and (b) the EPN by the FFT algorithm at points D, E and F in Fig. 5(b)



In-situ Monitoring of SCC of Alloy 600 SG Tubing in PWR using EN Analysis 71

From a set of f, calculated from the PSD plots of the EPN according to Eq. (1), the
cumulative probability F(f,) at each f, is determined numerically by a mean rank
approximation (Cottis, 2001). In this work, the probability of f, for the Pb-assisted SCC was
analyzed using the Weibull distribution function, the most commonly used cumulative
probability function for predicting a life and failure rate (Na & Pyun, 2007; Na et al., 2007a;
Na et al., 2007b). Using the Weibull distribution function, the probability of the mean time-
to-failure, t,, which corresponds to 1/f,, is expressed as,

In{In[1/(1-F(tn))]} =mInt, - Inn 2

where m and n are the shape and scale parameters, respectively.

Fig. 9 demonstrates the plots of In{In[1/(1-F(tn))]} vs. In t, calculated from the sets of f, at the
same time period as Figs. 5(a) and (b). For a comparison, the probability of t, obtained from
the EN measurement of two identical unstressed Alloy 600 specimens in a 40 wt% NaOH
solution without impurities at 290 °C is also plotted. Only general corrosion occurred on the
unstressed specimen surface without any cracking. In Fig. 9, it was easily anticipated that
the mean time-to-failure t, for the localized corrosions such as the initiation and the
propagation of SCC shifted to a higher value, analogous to the shift of f, to a lower
frequency when compared to that for the general corrosion.
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Fig. 9. Plots of In{In[1/(1-F(ta))]} vs. In t, calculated from the sets of fn at the same time
period as Figs. 5(a) and (b). For a comparison, the probability of t, obtained from the EN
measurement of two identical unstressed Alloy 600 specimens in a 40 wt% NaOH solution
without impurities at 290 oC is also plotted

In previous works (Na & Pyun, 2007; Na et al., 2007a; Na et al., 2007b; Park & Pyun, 2004;
Pyun et al., 1993; Pyun et al., 1994), the conditional event generation rate r(t) of a localized
corrosion was introduced as a failure rate using the values of m and n as,
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r(t) = (m/n) tmt ®)

Depending on the corrosion mechanism, the value of r(t) was regarded as the rate of
localized corrosion events such as the pit generation (Pyun et al., 1994), the pit growth (Park
& Pyun, 2004) and the propagation of SCC (Na et al., 2007b). There are few reports on the
stochastic approach for the localized corrosions of Alloy 600 materials at high temperature
in the literature. For stainless steels, Shibata (Shibata, 1990; Shibata, 2007) reviewed the
stochastic studies on a passive film break-down triggering the initiation of localized
corrosions. He analysed the stochastic characteristics of the local break-down and the repair
of the passive film using the Poisson stochastic theory by assuming a completely random
occurrence. For the Poisson process, the value of m in the Weibull probability is unity. In a
real situation, however, there is a distortion in the Poisson probability, and hence, a
deviation of the value of m from unity, caused by a difference in many experimental
conditions such as the chemistry of the test solution, the applied potential and the
interactions between localized events.

On the other hand, Pyun et al. reported that the value of m increases from 0.7 up to unity
with a decreasing applied potential (Pyun et al., 1993) for the pit generation at the surface of
Al alloy at room temperature, and the value of m decreases from 0.4 to 0.1 with the addition
of SO42 and MoOg2- ions in a 0.1 M NaCl solution (Na et al., 2007a) and with the addition of
SO4%, NO3* and POg43 ions in a 1M HCl solution (Na & Pyun, 2007) for the pit initiation at the
surface of pure Al at room temperature. Interestingly, they also reported that the value of m
is 0.33 for the SCC propagation of Alloy 600 in a neutral solution containing PbO at room
temperature (Na et al., 2007b).

In our previous works (Kim & Kim, 2009a; Na et al., 2007a; Na et al., 2007b), it was reported
that the shape parameter m of the Weibull distribution can be regarded as an indicator of
types of corrosion. In the present work, the value of m determined from Fig. 9 by a linear
curve fitting method were 1.46 for the general corrosion on the unstressed specimen in the
caustic solution without any oxidizing impurities, 0.47 for the initiation of SCC on the
stressed specimen in the leaded caustic solution, and 0.21 for its propagation in the leaded
caustic solution plus CuO. The values of m in this work revealed good agreement with those
values previous reported for each stage of the Pb-assisted SCC (Kim & Kim, 2009a).

4. Conclusions

From the microscopic and the EN analyses of Alloy 600 SG tube materials in the leaded
caustic solution environment at high temperature, it is strongly suggested that the repetitive
current rises followed by steeper decay with shorter time interval in the time record of the
ECN measured in the PCCN mode are mainly due to the initiation of SCC, whereas the
current increases followed by slower decay with longer time interval are attributable to its
propagation.

From the spectral analysis of the ECN, the PSD increased more remarkably at low frequency
limit for the propagation of SCC as compared to that for the initiation of SCC. Similar trends
were observed in both ECN and EPN measured in the UCPN mode in the caustic solution
environments with various oxidizing impurities. In addition, from the stochastic analysis of
the EPN obtained in the UCPN mode, it was found the shape parameter of the Weibull
distribution of the mean time-to-failure for the initiation of SCC is clearly distinguishable
from that parameter for the propagation of SCC as well as for the general corrosion.
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1. Introduction

Carbon steels widely used in power engineering for manufacture of different types of
equipment. A lot of part of WWER and RBMK equipments is produced from 22K steel
(Timofeev, 1982) or its foreign analogs (Vaseneva, 1990). For example, the case of steam
generator PGV-440, cases of separator and also the pipe-lines of the large diameter for NPP
with RBMK reactors. Thus for manufacturing the equipment were used as the forgings and
the plates or sheets from this steel of various methods of melt - open hearth furnace,
vacuum arc and electro-slag re-melting. Separate semi-products of this equipment was
joined using welding - MAW (manual arc welding), SAW (submerged arc welding) and
ESW (electro-slag welding).

2. Information
Case of PGV-440 steam generator of NPP with WWER-440 reactors

Steam generator case (Zherebenkov, 1979) consists of two central shells (having a
thickness of 135 mm) and two end shells (having a thickness of 78 mm) to which the
nozzles Du-250, Du-500, Du-700, Du-1100 and some small nozzles and unions and also
two bottoms (with thickness 84 mm) are welded. The case design is given in Fig.1. Plane
billets of bottoms and shells of steam generators were produced using electro-slag
welding of two plates of 22K steel with the use of Sv-10Mn2 wire and AN-8M flux.
During edge preparation the edges of plates to be welded were subjected to ultrasonic
inspection. Stamped bottoms after heat treatment were also tested using various
inspection procedures. Shells were joined (using submerged arc welding with Sv-08A
wire under AN-348A flux) with three circumferential welds. The welding up of nozzles
which are displaced relatively the steam generator axis is carried out manually with the
use of electrodes of the type YONI-13/55.

Thus steel type 22K (OHF, ESM or VAM) and three method of welding can be used at
manufacture of PGV-440 steam generator.
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Fig. 1. Sketch of PGV-440 steam generator case
Separator drum of NPP with RBMK-1000 reactors

The design of separator drum of steam (Kashirin, 2004) is a vessel with the following
geometrical dimensions: outer diameter - 2300 mm, length - 30480 mm, wall thickness - 105
mm. Sketch of design is presented in Fig.2.

Separators are manufactured from two semi-vessels, each of which consists of some
sections. The section includes bottom (thickness - 115 mm) and shells (thickness - 105 mm)
or only shells. Each of these elements are assembled from two clad plates, which (in the
form of half-cylinders) are joined with longitudinal welds produced by electroslag welding
(wire Sv-10Mn2, flux AN-8M). The different number of 22K steel heats (from 30 to 40) is
used because one heat (2-4 ingots) may be used for different components of pressure vessel.
Post-welding heat treatment is carried out on the following regime: normalization at
930+10°C exposure for 2.5 hours, cooling in air. Welding of shells with each other and a
shell with a bottom using circumferential welds is produced by submerged arc welding
(SAW) using Sv-08A wire and AN-348A flux. After welding up circumferential welds the
tempering is carried out at 630+10°C, exposure for 4 hours and cooling in air. Welding up of
shells to nozzles is performed with manual arc welding (MAW) with the use of the type
YONI-13/55 electrode and then the whole pressure vessel is subjected to tempering at
630+10°C (heating rate - 80 °C/min) for a time of 11 hours.

Separator drum case consists of 20 shells and 2 bottoms. Each shell is assembled from two
components welded (“semi-troughs’) together with two longitudinal welds. There is a man-
hole in the separator case (Fig.3) numerous nozzles are welded in the case wall. Sketches of
units of connecting nozzles to separator case are given in Fig.3.

It follows from Fig.3 that the largest holes (diameter 470 mm) in separator case wall are from
24 nozzles of down-comer pipe-lines, from a man-hole - diameter 400 mm, from nozzles of
steam rejection - diameter 297 mm. Besides there are other nozzles with smaller holes
including nozzles of steam-water service lines - diameter 76 mm. All these numerous
nozzles are located in the separator case in the distance from longitudinal welds.
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Fig. 2. Sketch of separator drum: 1 - vessel case; 2 - bottom; 3 - plate receiving water and
steam flow; 4 - perforated plate in water; 5 - upper perforated plate; 6 - distribution
collector of potable water; 7 - nozzle for water rejection; 8 - nozzle for steam line; 9 - nozzle
of steam-water piping; 10 - nozzle of feed water; 11- nozzle in steam zone; 12 - nozzle in
water zone; 13 - nozzle of down-comers

In connection with numerous holes in the steam separator case these zone are stress
concentrators. Increased stresses are acting in them (above the yield stress) conditioned both
by concentration and stiffness variation. The accumulation of fatigue damage is possible in
stress concentration zones, which may cause both the nucleation of cracks and their
development in the process of operation. As stated above the rules of nuclear power
engineering design do not permit holes in the regions of longitudinal and circumferential
welds of vessel nozzles. At the same time the connection of nozzles to the case is performed
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with welding and namely in this unit the maximum stresses are acting during operation and
this results in the necessity to catty out low cycle fatigue investigations not only for base
metal but also for weld metal.
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Fig. 3. Sketches of units of connecting various nozzles with steam separator case: a - man-

hole; b - nozzles of steam rejection; ¢ - nozzle of down-comer; d - nozzle of steam-water of
service lines
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2.1 Steam headers of NPP with RBMK-1000 reactors

Collectors are manufactured from 5-7 shells having a diameter of 900 mm (wall thickness -
60-70 mm) and two bottoms (wall thickness - 70-80 mm). The type 22K steel cladded with
EI-898 (Sv-08Cr18NilOMn2NDb) steel is used for the manufacture of collectors. A shell
consists of two semi-shells connected with each out using Sv-10Mn2 wire and AN-8M flux.
Welding up of nozzles to a collector case is performed manually with YONI-13/55
electrodes.

Headers in-take (Fig.4) and pumping (Fig.5) are made from 5-7 shells (diameter - 900 mm,
wall thickness - 70 mm in pumping and wall thickness - 60 mm in-take) and two bottoms
(wall thickness 80 mm and 70 mm, respectively for i-take and pumping collectors). The type
22K steel was used for the manufacture of collectors, cladded by EI-898 steel. Each shell
consisted of two semi-shells, connected with each other by electro-slag welds produced
using Sv-10Mn2 wire and AN-8M flux. Welding of nozzles to collector is performed
manually with YONI-13/55 electrodes.
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Fig. 4. Sketch of header in-take: 1 - nozzle DN300 to joint with down-comer; 2 - nozzle
DN750 to joint with pipe-lines in-take; 3 - central stopper

The design service life of header is 25 years. Geometrical sizes are : diameter 800 mm, length
- 21500 mm, wall thickness - 70 (60) mm. Coolant temperature - 290°C, working pressure -
9.1 MPa. For in-take and 7 MPa for pumping collectors, working environment - water of
high purity.
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Fig. 5. Sketch of header pumping: 1 - nozzle DN300 to joint RGK; 2 - nozzle DN750 and
elbow to joint with pipe-line pumping; 3 - nozzle DN750 to joint with unit between headers
in-take and pumping; 4 - central stopper

Requirements for chemical composition and properties of 22K steel used for manufacture of
in-take and pumping collectors are presented in Specification TU 24-1-11-427-67. The
statistical treatment of certificate data presented in Certificates on the product was carried
out. The results of statistical treatment are given below.

2.2 Pipe-lines Du-800 with RBMK-1000 reactors

Tube units of MFCC circuit in-take pipes (diameter - 836 mm, wall thickness - 42 mm) and
pumping pipes (diameter - 848 mm, wall thickness - 48 mm) Du-800 (Fig.6). Tube units of
the main circulating suction pipes (8838x42mm) and pressure pipes (2848x48mm) are made
from Du-800 tubes. The main elements of tube units are semi-shells and half-cylinders from
22K steel of the first generation, for which chemical composition and mechanical properties
are defined separately. The semi-shells, which are joined with each other using SAW (Sv-
08A wire, AN-348A flux) were used for straight section of Du-800 pipe-lines. The elbow
sections of Du-800 pipe-line the half-cylinders were used which were also joined with each
other by SAW with same welding materials (Sv-08A wire, An-348A flux). For Du-800 pipe-
lines of the second generation the French carbon steel Creselso-330E and Japanese 19MN5
steel were used instead of 22K steel.
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Tube units of the main circulating suction pipes (2838x42mm) and pressure pipes
(2848x48mm) are made from Du-800 tubes. The main elements of tube units are semi-shells
and half-cylinders from 22K steel of the first generation, for which chemical composition
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and mechanical properties are defined separately. The semi-shells, which are joined with
each other using SAW (Sv-08A wire, AN-348A flux) were used for straight section of Du-800
pipe-lines. The elbow sections of Du-800 pipe-line the half-cylinders were used which were
also joined with each other by SAW with same welding materials (Sv-08A wire, An-348A
flux). For Du-800 pipe-lines of the second generation the French carbon steel Creselso-330E
and Japanese 19MNS5 steel were used instead of 22K steel.

Tube blocks are made from separate units consisting of two semi-elbows ¥3836x42 mm and
(J848x48 mm connected with each other with longitudinal weld (SAW Sv-08A wire, AN-
348M flux). Separated units are connected with circumferential welds, produced by manual
welding with YONI-13/55 electrodes. The type 22K steel cladded from the inside with EI-
898 (Sv-08Cr18NilOMn2Nb) steel (thickness -6 mm) was used for the manufacture of tube
units.

2.3 Operating conditions of steam generated systems

The design service life of steam generated systems is 25-30 years. The main factors working
in the equipment at operation are:

- elevated temperature is,

- working pressure,

- working environment (water + saturated steam).

The main operating conditions during the design service life are determined by the chief
designer of NPP with RBMK-1000 reactors - Research and Development Institute of Power
Engineering (RDIPE). The calculated loading regimes of multiple forced circulation circuit
(MFCC) are defined for various operating conditions, namely, for normal operating
conditions (NOC), breakdown of normal operating conditions and hydraulic tests (HT).
They are given in Table 1.

N | Operating conditions Number of regimes
1. Normal of operating conditions
1 Normal calculation regime (285°C) -
2 Planning start (from 40 to 285°C) 300
3 Planning shut down (from 285 to 40°C) 300
4 Cooling with rate 60°C/h (from 285 to 100°C) 100
5 Heating with rate 30°C/h (from 100 to 285°C) 120
6 Operating regime A3 (from 285 to 250°C) 200
7 Normal heating (from 250 to 285°C) 200
2. Break down of normal operating conditions
8 | Cooling with rate 120°C/h (from 285 to 100°C) | 20
3. Hydraulic tests
9 | Hydraulic tests during operation ‘ 100

Table 1. Calculation loading regimes for MFCC circuit

In total, more than 1000 loading cycles of MFCC are possible during the project service life
of NPP with RBMK reactors and this leads to the necessity of studying cyclic strength of
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materials from which the separator was manufactured. By this, it is necessary to study
fatigue resistance of both base metal and weld metal.
General operation condition of equipment of all generated systems is presented in Table 2.

Equipment | Type of steel |Type of melt|Semi-product | Pressure, MPa | Temperature,
oC
SG 22K OHF, ESM, Plate, forging |5.7 273
VAM
Separator 22K OHF Plate 7.6 260-275
Header 22K OHF plate 8.5 260-275
MFCC 22K, OHF Sheet 8.5 285
Crezelso-330, Tube
19MN5 Tube

Table 2. General operation condition of equipment

3. Investigated materials

Melting of steel of the given mark (22K) from metallic change is a task of open hearth
process. The composition of metallic charge may vary from 100% pig iron to 100% steel
return; in this case the pig iron component may be in liquid and solid state. Materials: ore,
pitch, oxygen and fuel. Melted metal is cast. The low part of ingot (zone with negative
chemical heterogeneity) and sink head (zone of positive segregation with increased content
of sulphur, phosphorus and carbon) are removed and we have open-hearth furnace steel
(Zherebenkov, 1980).

Metal of electroslag melting is obtained by melting of bars (rods) of open-hearth melting in
the electrical conductive slag. Electroslag process takes place in copper mould cooled by
water. Slag is formed at the expense of melting of the flux AHF-6 (CaF, + A1,O3). Metal is
obtained of more pure especially on the content of gases because the process of rod metal
melting takes place in the protective slag system. Metal of vacuum arc melting is practically
formed under the same conditions like the electroslag process. Vacuum is used instead of
slag protection and the process itself- electric arc. This makes possible to obtain more pure
metal. Steel of special melting methods has more dense uniform oriented structure,
containing minimum number of non-metallic inclusions. It is well known that with using
melting it is possible to obtain more refined metal containing sulphides less by 40-50%, the
number of oxide inclusions and silicates less by 1.5 times as compared with the steel of the
same type of open-hearth melting. Ductility and fatigue strength of steel (of these melting
for products manufacture the macrostructure of zone with increased etching ability must be
limited in sizes and mainly depends on metal crystallization and sulphur content in it. It is
necessary to take into account the fact that in ingots from 22K steel of usual melting the off-
axis inhomogeneity take place. In some ingots the sources of this inhomogeneity are
sulphides "whiskers" which reach considerable sizes. In the process of operation the
presence of such defects may result in metal delaminating or plate cracking.

In VAR and ESR due to the oriented crystallization and uniform sulphur distribution across
the whole section the "whiskers" are absent, therefore the production of components and
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welded joints of pressure vessels with wall thickness equal to 120 mm and more is carried
out only from steel of special melting method. The content of gas in metal of special
procedures of melting is considerably lower than by the open hearth melting. As concerns
density, homogeneity and absence of internal defects the vacuum-arc steel exceeds greatly
electroslag, open-hearth and electric furnace steels. Structure and properties of steel depend
not only on metallurgical effect of melting but also on a possible variation of its chemical
composition within the limits of values permissible in Specification.

The chemical composition of investigated materials is presented in Fig.8. Statistical

treatment was applied for more than 200 heats of sheets (plates) which were used at
manufacture the steam generator cases.
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Fig. 8. Distribution of basic elements of 22K steel for various melting methods: e - OHF;
x - VAR; 0 - ESM (A - in ladle).
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Fig. 9. Distribution of mechanical properties for welded joints of PGV-440 steam generator
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and YONII-13/55 electrodes; 4 - weld metal produced by SAW using welding wire Sv-08A;
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Fig. 10. Distribution of mechanical properties for welded joints on statistical analysis of

manufactured RBMK units at room and elevated temperatures: 1 - base metal Crezelso

330E; 2- base metal 22K; 3 - weld metal (SAW wire Sv-08A); 4 - weld metal (SAW wire SF-

2); 5 - weld metal (MAW electrode YONII-13/55); 6 - weld metal (MAW electrode ETNA-
52HR), 7 - base metal (22K) at 270°C

In Russia eleven power units with RBMK-1000 reactors are being operated at a present time.
Four of them (1 and 2 power units of Sosnovy Bor and Kursk NPP) refer to power units of
the first generation for which the design service life completed or will complete in the
nearest time. Practically all these power units were manufactured on the same technology
with the use of same materials delivered on the unitary documentation. Their operating
conditions are practically identical. Thus for the elements of multiple forced circulating
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circuit (MFCC) namely for steam separators, suction and pressure collectors and Du-800
pipe-lines the carbon steel 22K cladded with stainless steel of the type EI-898
(08Cr18Ni1l0Mn2Nb) and delivered on specification TU24-1-11-427-67 was used. About30 -
40 steel heats of different melting methods (open-hearth furnace, electroslag and vacuum
arc) in the form of rolled plate of different thickness (105 and 115 mm) are used for the
manufacture of one separator drum vessel. Approximately the same number of heats but
with less thickness of rolled plates (60-80 mm) are used for each collector and with the
thickness of rolled sheets from 38 to 48 mm - for tube units. A large bulk of information
(more than 500 heats) on properties and chemical composition of MFCC was of interest in
view of statistical assessment. The statistical treatment for each equipment element on four
power units as a whole was performed and the comparison of properties for different
products was carried out.

p
0,981
0,94+

0,804

T I
1 2 3 KCU, MJ/ m?

Fig. 11. Distribution of impact strength (KCU) for welded joints on statistical analysis of
manufactured RBMK units at room temperature (conventional sign the same as Fig.10)

Separators (¢2300x105mm, length - 30,5 m) are manufactured from two semi-vessels, each of
which consists of some sections [1]. The section includes bottom (thickness - 115 mm) and
shells (thickness - 105 mm) or only shells. Each of these elements are assembled from two
clad plates, which (in the form of half-cylinders) are joined with longitudinal welds
produced by electroslag welding (wire Sv-10Cr2, flux AN-8M). The different number of 22K
steel heats (from 30 to 40) is used because one heat (2-4 ingots) may be used for different
components of pressure vessel. Post-welding heat treatment is carried out on the following
regime: normalization at 930+10°C exposure for 2.5 hours, cooling in air. Welding of shells
with each other and a shell with a bottom using circumferential welds is produced by
submerged arc welding (SAW) using Sv-08A wire and AN-348A flux. After welding up
circumferential welds the tempering is carried out at 630+10°C, exposure for 4 hours and
cooling in air. Welding up of shells to nozzles is performed with manual arc welding
(MAW) with the use of the type YONII-13/55 electrode and then the whole pressure vessel
is subjected to tempering at 630+10°C (heating rate - 80 °C/min) for a time of 11 hours.
Collectors are manufactured from 5-7 shells having a diameter of 900 mm (wall thickness -
60-70 mm) and two bottoms (wall thickness - 70-80 mm). The type 22K steel cladded with
EI-898 steel is used for the manufacture of collectors. A shell consists of two semi-shells
connected with each out using Sv-10Mn2 wire and AN-8M flux. Welding up of nozzles to a
collector case is performed manually with YONII-13/55 electrodes.
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Tube units of the main circulating suction pipes (2838x42mm) and pressure pipes
(2848x48mm) are made from Du-800 tubes. The main elements of tube units are semi-shells
and half-cylinders from 22K steel of the first generation, for which chemical composition
and mechanical properties are defined separately. The semi-shells, which are joined with
each other using SAW (Sv-08A wire, AN-348A flux) were used for straight section of Du-800
pipe-lines. The elbow sections of Du-800 pipe-line the half-cylinders were used which were
also joined with each other by SAW with same welding materials (Sv-08A wire, An-348A
flux). For Du-800 pipe-lines of the second generation the French carbon steel Creselso-330E
and Japanese 19MN5 steel were used instead of 22K steel.

Earlier as applied to PGV-440 steam generator cases, made from 22K steel the statistical
analysis of mechanical properties was performed. There is one publication for components
of NPP equipment with RBMK reactors, where the limited information presented. The
statistical treatment in more representative volume of data was carried out in this work and
the results are given in Tables 3 and 4 only for steam separator (SD) and in Figures 12-15 for
tube wunits and steam separators in comparison with the recommendations of
documentation. In this case the law of normal distribution was accepted for the statistical
treatment of 22K steel mechanical properties on the certificate data of corresponding
product.

Number Content of elements, %

of SD C Si Mn S P Cr Ni Cu
SD-1 0,21 0,32 086 | 0012 |0013 |017 | 026 | 0,23
SD-2 0,23 0,32 086 | 0012 |0,013 |017 | 026 | 0,24
SD-3 0,22 0,31 087 | 0011 |0013 |016 | 025 | 0,22
SD-4 0,22 0,29 085 | 0011 |0013 |015 | 025 |0,22
SD-5 0,22 0,30 086 | 0011 |0013 |018 | 025 | 0,23
SD-6 0,23 0,30 085 | 0013 |0012 |018 | 025 |0,22
SD-7 0,22 0,30 082 | 0013 |0012 [(018 | 023 | 021
SD-8 0,21 0,28 082 | 0012 |0,013 |019 | 023 | 0,20
SD-9 0,22 0,29 087 | 0013 |0013 |021 |023 |0,20
SD-10 0,22 0,30 087 | 0015 |0,013 |020 | 023 |0,19
SD-11 0,22 0,30 088 | 0013 |0013 |021 |022 |0,19
SD-12 0,225 0,32 086 | 0012 |0013 |017 | 026 | 0,23
SD-18 0,22 0,31 086 | 0,012 |0,011 |020 | 024 | 0,20
SD-19 0,22 0,31 085 | 0012 |0,012 |[021 |023 |021
SD-20 0,23 0,32 086 | 0014 |0013 |019 | 019 | 0,18
SD-23 0,22 0,33 084 | 0015 |0014 |017 | 018 | 0,18
TU 0,19- 0,20- | 0,75- | <0,030 | <0,030 | <0,40 | <0,30 | <0,30
0,26 0,40 1,0

Table 3. Chemical composition of 22K steel for steam separator of NPP units with RBMK-
1000 reactors of the first generation

As can be seen from the presented in Figs.12 and 13 data the strength properties (average
values, dispersion) at room temperature for the metal of separator and tube units does not
practically differ and the values (UTS and YS) required on documentation (Specification
TU24-1-11-427-67) are provided with a high degree of reliability (more than 99%). As
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concerns the ductility characteristics the results in view of meeting requirements of
documentation appeared somewhat different. The differential curves for elongation (A) and
impact strength (KCU) at 20°C confirm this idea.

At 20°C At 350°C
Number
of SD UTS YS A KCU YS
MPa | MPa % J/cm? MPa

SD-1 534 354 25,5 176 249
SD-2 537 342 25,1 175 244
SD-3 528 335 25,7 184 238
SD-4 526 340 25,2 186 244
SD-5 523 337 27,5 183 249
SD-6 535 349 24,6 169 246
SD-7 520 328 25,4 174 245
SD-8 515 319 25,1 170 238
SD-9 528 346 27,4 180 248
SD-10 530 347 29,9 158 262
SD-11 533 343 29,7 177 251
SD-12 525 343 32,1 149 254
SD-18 523 304 31,5 144 254
SD-19 507 309 314 157 237
SD-20 518 316 31,8 170 234
SD-23 511 321 32,1 176 232

Table 4. Mechanical properties of steam separator
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The characteristics presented in Figs. 14 and 15 reflect in a higher degree the ductile
properties of material at room temperature. The relative elongation and impact strength on
Manager specimens rather relates to qualitative characteristic and usually are not used by
the conduction of strength calculations. At the same time we may note than A and KCU for
material of tube units are a few not so good than for steel of the same separator type, and
the theoretical curves of distribution of these characteristics confirm it. The same may be
said about the value of yield strength at elevated temperature.
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4. Requirements for stability of properties during operation

In accordance with item 7.6.3 (PNAE G-7-008-89, 1990) the inspection of equipment
mechanical properties is carried out using destructive and non-destructive techniques. It
shall be performed out not rarely than at interval of 100000 hrs of operation for NPP with
water-cooled and water-moderated reactors (WWER) and water-graphite reactors (RBMK),
and at intervals of 50000 hrs for fast reactors with liquid metal coolant (BN). This order of
assessment of actual properties of material in the process of operation was introduced in the
regulations of NPP works for the purpose of safety provision. This requirement was
associated with the necessity to obtain valid information about material ageing in the NPP
equipment operation and on the base of this information to estimate the change of strength
margin coefficient used in design with regard to variations of initial mechanical properties
of materials. It is possible to assess various methods using surveillance specimens, part of
materials removed from the inner surface of equipment (RPV, SG and other large cases) or a
part of the piping. For RPV as a rule the variation of mechanical properties are examined
with the use of surveillance specimens which are tested not less than six times during the
calculated design lifetime of reactor.

By the development of the first normative documents for NPP arrangement and safe
operation of other equipment and piping of NPP PNAE G-7-008-89 the regulation about a
periodical inspection of steel mechanical properties on the base of test results of specimens
removed from pipe-lines was introduced. It makes possible to follow the actual state of
pipe-lines and variation of mechanical properties of base metal and welded joints under the
influence of real operating conditions (elevated temperature, pressure, corrosive medium)
by all regimes. It is natural to suggest that due to the operation influence (static and cyclic
loads, a prolonged effect of elevated temperatures and coolant) the degradation of material
mechanical properties is possible. Of course in accordance with (PNAE G-7-002-86, 1989)
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these factors should be taken into consideration in the condition by calculations. The values
of the mechanical properties of NPP materials during the whole designed lifetime is
estimated by definite requirements which are presented in Table 5.

pagg |Fartof welded At20°C At350°C Tro,
joint C

UT YS, UTS YS,

Material MPa | MPa | &% | %% | Mpa | MPa

A% | Z,%

Base metal 430 215 18 40 392 177 | 18 40 | +40

SAW
Sv-08A
22K MAW
YONII-13/45 | 353 216 20 55 314 176 20 55 | +20
YONII-13/55 | 431 255 20 50 372 216 18 50 | +30

ESW
Sv-10Mn2

353 196 20 55 314 176 | 13 50 0

372 216 16 50 = 196 - - +40

Table 5. Requirements of mechanical properties for NPP equipment materials

At a present time a great experience has been accumulated on the determination of ageing

processes under conditions of NPP pipe-lines operation which has shown that the steel

mechanical properties variations of pipe-lines are small and are within the limits of

measurement accuracy. Such results might be expected for operation conditions of pipe-

lines in light water pressurized reactors thanks to:

e steady structure equilibrium of structural steels used for pipe-lines which should
provide a relative stability of steel structure and properties during operation;

e alow level of membrane stresses (margins ng.2=1-5 and ng=2.6) assuring the operation
of the main metal mass in the elastic area;

e in principle the steels considered are cyclically stable and this makes the processes of
cyclic hardening insignificant.

The aim of this presentation is as follows:

e  generalization of experimental results and analysis their stability;

determination of a possible decrease of inspection scope of mechanical properties under

NPP conditions up to a complete or partial cancellation, decrease or cancellation of metal

removal from real pipe-lines considering the fact that the removal of specimens from real

pipe-lines did not promote the increase of pipe-lines quality and reliability because the

repair process results in the increase of defective pipe-lines welds which are performed

under assembling conditions with radiation influence

Based on the operation conditions by the conduction of strength calculations of equipment it

is necessary to take into account the variation of properties due to the action of the main

damaging factors during the designed service life (30 years). They are:

e structural changes and degradation of material properties caused by a prolonged
influence of elevated temperatures;

e generation of cracks caused by low cycle loads by a combined action of cyclic (including
thermal cycles) and static loads;
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e embrittlement of material and welded joints due to the influence of static and cyclic
loads;

e corrosion damage due to a prolonged effect of coolant.

Ageing is defined as the metal state variations which may take place in the course of time
under external influences or without them. The ageing by heat treatment, a prolonged
temperature influence, by strain aging, under operational and thermo-mechanical
influences, etc. are distinguished. As ageing occurs, as a rule, mechanical properties of metal
are degraded. Taking into account an obligatory execution of the item 7.6.3 PNAE G-7-008-
89 a lot of tests of specimens removed from piping after operation 100000 hrs were carried
out in our country and also other countries and large number of data were accumulated.
Nevertheless the published information about the effect of operational factors on material
mechanical properties is quite limited. The first publication was devoted to the
investigations performed for the main circulating piping from stainless steel intended for
units 3 and 4 of Novo-Voronezh NPP (Gaponov, 1989). Such results for piping made from
carbon steels appeared later and are presented in (Timofeev, 2004). The information
accumulated for the last 15 years on the investigation of the state of base metal and welded
joints after a prolonged operation (100000 hrs and more) makes possible to analyze the
variation of strength and ductility characteristics. Besides there are some publications
(Timofeev, 2009) and (Petrov, 2004) ) about thermal ageing of RPV steels and their welded
joints. This paper presents the analysis for carbon steel and their welded joints mainly as
applied to operation conditions of NPP.

5. Thermal ageing

The first results for piping made from carbon steels appeared later and they are presented
(Gaponov, 1989) and (Beznosikov, 1995). The information accumulated for the last 15 years
on the investigation of the state of base metal and welded joints after a prolonged operation
(100000 hrs and more) makes possible to analyze the variation of strength and ductility
characteristics. The mechanical properties of carbon steels of the type 20 and 22K and their
welded joints produced using manual arc welding (MAW) with covered electrode after a
prolonged (100000 hours) influence of operation temperatures up to 290°C practically do not
change. This tendency for base metal is confirmed up to 200000 hours, i.e. to the designed
service life of piping (30 years) makes possible to correct item 7.6.3 "Rules of arrangement
and safe operation of equipment and piping of NPP" as concerns the inspection periodicity
of mechanical properties with destructive techniques at the NPP in the period of planned
maintenance repair. As the degradation of mechanical properties of carbon steel is
practically absent during the designed service life was recommends to carry out inspection
after 200000 hrs of operation and not 100000 hrs and the basis for this conclusion was
presented. On the base of earlier performed investigations (Karzov, 1993) we can mention a
high stability of strength and ductile properties of this steel at 20°C independent of
temperature and a prolonged thermal exposure. In this case the level of mechanical
properties after thermal exposures does not decrease below the normative requirements for
the initial period of operation. At the same time it should be noted the insignificant decrease
of impact strength of steel by Menage specimens tests after the exposure during 10000 hrs at
the thermal temperature 450°C if we compare with value according to the normative
requirements. The critical transition temperature of 22K steel is also nearly stable after
thermal ageing at studied temperatures (except 340°C) on the duration 100000 hrs.
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A section of Du-800 piping was cut out from Sosnovyj Bor NPP, operated under the
influence of elevated temperatures and pressure for nearly 30 years, in order to assess the
mechanical properties variation of piping material after a prolonged operation. Specimens
were made from base metal (22K steel) of the removed from piping (0828x38 mm) element
and tested by one-fold tension. Fig.16 presents the summarized results which make possible
to judge about the relation between actual properties of materials with the requirements on
the values of characteristics specified by the technical normative documentation and it was
accepted to conduct strength calculations by the chief designer of the power plant. In this
case the actual values in as-produced condition are accepted with regard for their
distribution according to the investigation data in (Timofeev, 2004) after 100000 hours of
operation - data of NPP reports for various power units and after 30-year period of
operation - test results of specimens removed from the piping of unit 1 Sosnovyj Bor NPP
(Karzov, 1999).

00 =

e
&
& &oo -
" =
o -
= L a
i o 4 43 —_
-~ E a0 LA
e
= 200 L ! I .
-] 4 L] 12 18 20
r, x 10hrs
0~
Lk
ga.l x = 4 r 3 g r
2N ®2r
= 40 |- 40 -
"l‘.':ju_l.. A 5 @ ™ - X JU"I" 3. o
i) 20 e bl e
[ et i ol b e o D T 1 o |
10 L L— — - . 15 1
D 3 4 6 8 10.12 14 18 18 20 0 2 4 B B 10 12 M6 1B 2

T, :1ﬂ"hr5

T, X 1Ifhl:

Fig. 16. Variation of mechanical properties for 22K steel (left) and its weld metal (right)
produced by MAW electrodeYONII-13/45 at room temperature for different time of thermal
ageing

As follows from Fig.16 the variations of mechanical properties of both base metal and weld
metal during the designed operation time of pipe-lines made from carbon steels as related to
these materials in as-produced condition (before operation) practically do not occur and
thus margins of static strength accepted at the project stage are retained. This conclusion
may be drawn for margins of cyclic strength because the values of material reduction of area
independent of the thermal ageing duration is actually at the same level as in as-produced
condition.

The obtained experimental data for 22K steel show that after the operation time (30 years)
the mechanical properties are appreciably higher than required by the documentation TU-
24-3-449-74. And this is the evidence for the fact that a prolonged heating of 22K steel within
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the range of operation temperatures and operating pressure does not result in an
appreciable degradation of properties.
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Fig. 17. Summarized data of effect of thermal ageing on mechanical properties of welded
joints for carbon steel type 22K

6. Strain ageing

The equipment and pipe-lines of NPP manufactured in carbon steel are operated at elevated
temperatures up to 360°C that lay within the temperature range of dynamic strain ageing
which manifests itself in strength properties improvement and plastic properties
deterioration under single loading (Karzov, 1993). The variation of mechanical and fatigue
properties of steels in the temperature range from 20 to 400°C can be attributed to different
reasons, including carbon and nitrogen atomic hardening around screw dislocations, strain
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ageing due to internodes carbon and nitrogen atoms, and also to dislocation precipitation of

carbide and nitride particles.
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Fig. 18. Variation of mechanical properties for base and weld metal of 22K welded joints in
BOL (1 =0) and EOL (t = 30 years)

From these assumptions it is noted in Ref. [9] that the effect of mechanical and fatigue
properties variation must be most evident in welded joints since high heating temperatures
in welding and subsequent fast cooling enhance super saturation and ageing. Some
investigations carried out in our country during 1970 are devoted to this problem. The
variation of mechanical properties in the temperature range from 20°C up to 400°C was
investigated for different materials (base metal and welds, Fig 18) under single tension at the
strain rate of 150x10- s (the rate applied in low-cycle fatigue tests). It has been established
that strain ageing shows up most vividly in reduction of area Z (Daunene, 1975) and
(Daunis, 1982).
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7. Low cycle fatigue

Experimental results of low cycle fatigue tests for low carbon steel of grade 22K are shown
in Fig. 19. Here data of 22K steel after various procedures (melting in open-hearth furnace,
electro-slag and vacuum-arc re-melting) is presented. These data were received for forging,
sheet rolling and a pipe at room and elevated temperatures. The thickness of semi-products
is changed from 38 to 120 mm. All experimental points are located in a fairly narrow scatter
band and, therefore, can be referred to a single general population. This fact enabled us to
construct a mean-square relation (solid line 4) and bound areas of the 95% confidence
interval (dashed lines 2 and 3) for the entire array of experimental data. The mean-square
relation is described by the formula log e, = 1.29154-0.45116 log N. Comparison of this
relation and the lower envelope of the common data array at 20°C with the design curve of
fatigue for carbon steels (line 1) shows that the values of safety factors n,=2 and ny=10 by
the lower envelope (line 3) are provided for the base metal (Timofeev, 2005).
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Fig. 19. Low-cycle fatigue curves of 22K steel of different melting: a - at room temperature; b
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8. Conclusion

The generalization of experimental investigation results performed in our country and
devoted to the effect of thermal ageing at 250-350°C on mechanical properties of carbon steel
and its welds has shown that variation of structure, strength and ductility characteristics,
practically, does not occur during the 30-years service life. There are only some deviations
from the general tendency, however they are small and always within the limits of the
accuracy of characteristic measurement on the accepted determination procedure.

A prolonged operation experience of carbon steels in the composition of equipment of the
LWR confirmed the absence of variation of mechanical characteristics of the carbon steel.
Some decreasing of reduction of area materials is observed because some of them (weld
metal without tempering) have sensitivity to strain ageing.
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Primary to Secondary Leakage at PSB-VVER
Test Facility, Simulated by CATHARE 2 Code

Luben Sabotinov and Patrick Chevrier
Institut de Radioprotection et de Siireté Nucléaire (IRSN)
France

1. Introduction

The current analysis was carried out in the framework of the international PHARE project
on code assessment and validation with participation of IRSN-France, GRS-Germany, NRI-
Czech republic and EREC-Russia. Overall objectives of this project are utilization and
transferring of methodologies for computer codes validation using available experimental
data of VVER test facility.

The experiment “Primary to Secondary Leakage” (PRISE) was performed by EREC at PSB-
VVER test facility. It replicates an accident on VVER-1000 with an equivalent diameter of
100 mm for the leak size, which corresponds to a break size of 1.4%. The initial event of the
experiment is a leakage from primary to secondary side as a result of a cover break of a hot
steam generator collector. This test provides the data required to perform an analysis with
the thermal-hydraulic computer code CATHARE: initial and boundary conditions, transient
scenario, experimental results.

2. PSB-VVER test facility

The PSB-VVER facility is a large-scale integral test facility, which structure is similar to that
of the primary circuit of VVER-1000 nuclear power plant (NPP). It is scaled 1:1 in height and
1:300 in volume and power.

The facility consists of a reactor model, four loops, four steam generators, a pressurizer
(PRZ) and an emergency core cooling system (ECCS). The reactor model comprises five
elements: lower plenum (LP), core simulator (CS), external core bypass (BP), upper plenum
(UP) and external downcomer (DC). Each loop includes a circulation pump (MCP), a steam
generator (SG), and hot and cold legs (HL and CL). Special lines (primary to secondary
leakage system) connect the upper part of SG #4 headers to the steam generator secondary
side, which allows simulation of both hot and cold SG collectors break. MCPs are installed
on CLs. They can operate in two-phase flow and have a motor speed control system
(Melikhov et al., 2003).

The PRZ is a vessel, connected to one of the loop HL through a surge line. It operates
similarly to the reference NPP one, controlling primary pressure. It is equipped with a relief
valve, a spray line for pressure decrease and an electrical heater - installed in the vessel
lower part - for pressure increase. In this scenario, PRZ is connected to loop #2.
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Fig. 1. General view of PSB-VVER facility

ECCS of the facility includes three subsystems: a passive system, a high pressure active
system (HPSI) and a low pressure active system (LPSI). The passive system consists of four
hydroaccumulators (ACCUs) connected in pairs to the downcomer inlet chamber and to the
upper plenum outlet chamber. Both active ECCS are simulated by a proper delivery of cold
water into hot and cold legs of loops #1, #3 and #4, from a feed water system.

The core simulator is a bundle of 168 fuel rods (FRs) and one central non-heated tube,
placed in a regular hexagonal channel. These FRs are electric resistance heating rods, with a
uniform power profile along the height. FRs and central tube are grouped along a triangular
lattice. Along bundle height, 17 spacer grids are welded to the central tube. The bypass
connects the lower plenum with the upper plenum. Its walls are heated directly by electric
power supplies.

Heat is removed from primary circuit using steam generators. Each SG consists of a vertical
vessel with two vertical headers inside (hot and cold collectors), interconnected with 34
helical tubes. Thus, the heat-exchanging surface of SG model is a slightly inclined helical
bundle of 34 tubes.
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Secondary circuit of the facility is designed as an open loop. Feed water is supplied to steam
generators through annular header. Flow rate of feed water is regulated with control valves.
Steam from each SG flows through steam discharge lines to a common header and then to a
special process condenser. An atmospheric steam dump system (ADS) is connected to each
SG.

The test facility is equipped with advanced data acquisition and process control systems.
The latter controls the experiment on PSB-VVER facility.

3. CATHARE 2 computer code

CATHARE (Code for Analysis of Thermal-Hydraulics during an Accident of Reactor and
safety Evaluation) is an advanced, two-fluid, thermal-hydraulic code. It is developed in
France by the French Atomic Energy Commission (CEA), Electricité de France (EDF), Areva
NP and IRSN.

CATHARE is designed to perform best-estimate calculations of accidents in pressurized
water reactor, including VVER. Specific modules have also been implemented to allow
modeling of other reactors like boiling water reactors or gas cooled reactors. CATHARE is
limited to transients during which no severe damage occurs to fuel rods; more precisely,
fuel ballooning and clad rupture are assumed not to have major effect on water flow in the
reactor core. Its range of application covers all loss-of-coolant accident (LOCA), all degraded
operating conditions in steam generators secondary systems, following ruptures or system
malfunctions (Barre & Bestion, 1995).

CATHARE has a modular structure with five main modules: 1D axial module for pipes,
tubes or channels where velocity has a preferential direction; 0D volume module for vessels
or plenums where fluid is not channeled in a preferential direction of flow and where
inertial forces are negligible compared with gravity; 3D module; boundary condition
module; double-ended break module. Each 0D module is divided in two sub-volumes. Any
kind of hydraulic circuit may be represented by a set of modules, which are connected by
junctions. Hydraulic elements (axial, volume and 3D modules) can be connected to multi-
layer walls. The heat exchange between one primary and several secondary circuits, via heat
exchangers, can be calculated. Other gadget sub-modules are available to represent local
changes to standard thermal hydraulic equations: hydroaccumulator; valve; 0D pump,
using homologous curves of head and torque; break; heat and/or mass sources; heat and/or
mass sinks; etc.

These modules allow to take into account any two-phase flow behavior. Thus, mechanical
and thermal non-equilibrium, as well as all flow and heat transfer regimes, are described:
stratified and co- or counter-current flow; critical flow and heat flux; reflooding; natural and
forced convection; subcooled and saturated nucleate boiling; film boiling and condensation;
etc. In particular, a flooding counter-current flow limitation (CCFL) is modelled (Sabotinov,
1997).

Two-phase flows are described using a two-fluid six-equation model. These equations
represent conservation of mass, energy and momentum, for separate processing of liquid
and steam. The presence of one to four non-condensable gases can be taken into account by
one to four additional transport equations. This system of equation is closed by a complete
set of momentum, mass and energy transfer laws for exchange at liquid/steam interfaces or
at walls. Specific models are also available to represent fuel rods thermomechanics, core
neutronics, reflooding, etc. (Bazin & Pellissier, 2006).
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The mass and energy balance equations are of primary form whereas the momentum
equations are of secondary form. The six main variables are pressure, liquid enthalpy, gas
enthalpy, void fraction, liquid velocity and gas velocity and, if it exists, up to four non-
condensable mass fraction. In 0D modules, two energy and mass balance equations are
written for each sub-volume (inertia is neglected). The main variables (except velocity) are
then calculated for each sub-volume, as well as the separation level elevation between the
two sub-volumes. In 3D modules, the momentum equation is written in all three directions.
The numerical choices are finite volume discretisation with structured mesh, first order
discretisation in space and time, staggered spatial mesh and donor cell principle. Time
discretisation is fully implicit (semi-implicit for 3D) and enables solution stability to be
achieved over a broad range of time step values. The maximum time step is up to the user
and depends on the problem being solved. A non-linear system is thus obtained, solved
using the Newton-Raphson iterative method.

4. Test specification

4.1 Facility configuration

The pressurizer is connected to loop #2. Two lines of HPSI are connected to the cold legs of
loops #3 and #4. Two lines of LPSI are connected to the hot and cold legs of loops #3 and #4.
The two other active ECCS lines are disconnected. All ACCUs are enabled: ACCUs #1 and
#3 are connected to the UP outlet chamber while ACCUs #2 and #4 are connected to the DC
inlet chamber.

Steam discharge

Fig. 2. Primary to secondary leakage system
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Level in SGs under steady-state conditions is maintained by means of pulsed supply of feed
water with a temperature of about 220°C. Atmospheric steam dumping systems are
connected to each SG. In each ADS line, a throttle of 50 mm long by 12.1 mm inner diameter
is installed. The opening/closing of ADS are set to 7.16/6.28 MPa.

The leakage simulation system connects the top of the SG #4 hot header to the steam
generator secondary side (figure 2). In this connecting branch, a throttle of 56 mm long by
5.8 mm inner diameter is installed.

4.2 Initial conditions
Initial conditions of the experiment (Elkin et al., 2005) with respective results of the steady-
state calculation by CATHARE are presented in table 1.

Parameters ‘ Experiment Calculation
Primary circuit

Core simulator power, kW 1507 1507
Bypass power, kW 15.0 15.0
Loop-1 flow rate, kg/s 10.45 10.45
Loop-2 flow rate, kg/s 10.41 10.41
Loop-3 flow rate, kg/s 10.39 10.39
Loop-4 flow rate, kg/s 10.15 10.15
Pressure at CS outlet, MPa 15.74 15.65
Coolant temperature at DC inlet, °C 280 281

Coolant temperature at UP inlet, °C 291 288

Collapsed level in PRZ, m 6.71 6.69

Secondary circuit

Pressure in SG-1, MPa 6.28 6.32
Pressure in SG-2, MPa 6.30 6.32
Pressure in SG-3, MPa 6.33 6.31

Pressure in SG-4, MPa 6.29 6.32
Collapsed level in SG-1, m 1.70 1.70
Collapsed level in SG-2, m 1.71 1.71

Collapsed level in SG-3, m 1.70 1.70
Collapsed level in SG-4, m 1.69 1.69

Hydroaccumulators

Pressure in ACCU-1, MPa 5.88 5.88
Pressure in ACCU-2, MPa 5.87 5.87
Pressure in ACCU-3, MPa 5.87 5.87
Pressure in ACCU-4, MPa 5.90 5.90
Collapsed level in ACCU-1, m 4.84 4.84
Collapsed level in ACCU-2, m 484 4.84
Collapsed level in ACCU-3, m 4.84 4.84
Collapsed level in ACCU-4, m 4.86 4.86

Table 1. Initial conditions
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4.3 Boundary conditions and scenario

The experiment starts with the opening of an isolation valve in the break line.

PRZ heater power is regulated depending on the pressure in UP according to a specified
law. When collapsed level in PRZ reaches 2.33 m, its heater power is switched off.

When the level of affected steam generator (SG #4) reaches 1.77 m, a signal is given to close
the valve of the steam discharge line of this SG - and then to isolate it from intact SGs - with
a delay of 2 s. The valve is completely closed in 11.3 s.

When the pressure in UP reaches 13.7 MPa, a scram signal is simulated, which leads to four
actions. Firstly, core and bypass power start to reduce, according to a specified law, with a
delay of 5.6 s. Secondly, a command to close the feed water valve of SG #4 - and then to
stop feed water supply to this SG - is given with a delay of 4.6 s. The valve is completely
closed in 2 s. Thirdly, level in intact SGs is maintained at 1.67 m by operation of emergency
feed water pumps. These pumps are actuated with a delay of 2s. The temperature of
emergency feed water is 150°C, and the maximum flow rate is 67 g/s. Fourthly, the valve
that controls steam removal from SGs is closed in 16.6 s.

When the difference between the saturated temperature of primary circuit and the maximal
coolant temperature in hot legs of primary loops reaches 10°C, a signal to stop MCPs is
given with a delay of 17 s. MCPs are completely stopped in 232 s.

The opening/closing of ADS are set to 7.16/6.28 MPa. ADS in SG #1, #2 and #3 operates
according to pressure in SG #2 secondary side, while ADS in SG #4 operates according to
pressure in SG #4 secondary side. After the first opening of ADS in affected steam generator
(SG #4) a seizure is simulated and then this ADS remains in fully open position until the end
of the transient.

When the UP pressure drops below 10.8 MPa, cooling water from HPSI is supplied to the
cold leg of loops #3 and #4 with a delay of 1 s. HPSI flow rate is regulated depending on the
pressure in UP, according to a specified law.

On decreasing the primary pressure below the set point of ACCUs actuation (5.9 MPa), they
start to supply water to the primary circuit. When the level in ACCU falls down to 0.45 m,
they are isolated from primary circuit by closing a valve.

When the UP pressure drops below 2.5 MPa, cooling water from LPSI is supplied to the cold
and hot legs of loops #3 and #4. LPSI flow rate is regulated depending on the pressure in
UP, according to a specified law.

When the total volume of water injected into primary circuit through HPSI and LPSI reaches
0.33 m3, a signal to stop HPSI and LPSI injections is given with a delay of 10 s (simulation of
water tank emptying).

The experiment is terminated when the maximal FR cladding temperature reaches 300°C.

5. Transient calculation

5.1 Modeling of PSB facility by Cathare 2

An input data deck (IDD) for LOCA calculations of PSB-VVER test facility has been
developed for the code version CATHARE 2 V2.5_1. It is based on IDD of PSB-VVER
developed for the version CATARE 2 V1.3_1 for natural circulation calculation system
(Melikhov et al., 2004). The geometrical information of the test facility is checked against the
information provided by EREC in the framework of an OECD project. The basic IDD has
been modified for the specific initial and boundary conditions of the PRISE experiment.
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Nodalization scheme of the primary circuit includes four loops. The core vessel is modeled
by a lower plenum, an average core channel, with 21 axial segments (168 fuel rods), a core
bypass, an upper plenum and an external downcomer. The models of the LP, UP and DC
consist of volume and axial elements connected by junctions.

The pressurizer consists of a volume with internal wall, modeling the heaters. It is connected
to loop #2.

For the SGs modeling, a multitube approach is applied as for PACTEL experimental facility
(Sabotinov, 1993), (Sabotinov, 2005). The 34 heat exchange tubes of each SG are presented as
3 axial elements, located at different horizontal elevations (high, middle and low tube
bundles). Each axial element is divided into 26 segments.

The SG secondary side is presented by a recirculation model. It consists of one axial and one
volume element, connected to the steam discharge lines. The latter also consist of volume
and axial elements, with a unique pressure boundary condition at the outlet. Each SG feed
water is modeled by a source.

HPSI and LPSI are modeled by sources, connected to the hot and cold legs of loop #3 and
#4. Each ACCU is modeled by an accu gadget: ACCUs #1 and #3 are connected to UP, while
ACCUs #2 and #4 are connected to DC.

Each ADS is represented by a sink gadget, connected to the steam discharge line of the SG.
The primary to secondary leak is modeled by a pressure boundary condition with sonic
blocking at the top of the hot collector of SG #4 in the primary side, and a source in the
secondary side.

The CATHARE model of PSB-VVER primary circuit is presented in figure 3. Loop #1 is not
represented.
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Fig. 3. CATHARE model for primary circuit

The primary circuit nodalization consists of 55 hydraulic modules (28 axial, 24 volume and 3
boundary condition elements) for a total scalar meshes number of 1279. The secondary
circuit nodalization consists of 30 hydraulic modules (16 axial, 13 volume and 1 boundary
condition elements) for a total scalar meshes number of 488.
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5.2 Steady state calculation

In order to achieve nominal conditions the following regulators are used in the IDD:
regulation of primary flow rates in the 4 loops by MCPs speed variation; regulation of the
SGs level by source of water; regulation of the equilibrium between steam and feed water
flow rates; regulation of the nominal PRZ level by source of water; regulation of primary
side pressure by the PRZ heaters.

The steady state has been calculated for 3000 s. The last 500 s, the regulators were switched
off in order to check that the parameters remain constant. Values of main parameters,
obtained at the end of the steady state, are presented in table 1, where they are compared
with experimental initial parameters (Elkin et al., 2005).

5.3 Transient calculation results

The calculation is carried out until the maximal FR cladding temperature reaches 300°C.

This happened at t=12645s. The calculation took 4 hours and 30 minutes on PC bi-

processor Intel with 3.6 GHz under Windows XP operating systems.

A large number of sensitivity calculations have been performed, regarding different

modeling and CATHARE options:

- different modeling of the primary to secondary leak;

- variation of the hydraulic resistance of the break line in order to evaluate the break flow
and the primary pressure;

- variation of the discharge coefficient of the atmospheric steam dump system (ADS) in
order to predict correct secondary pressure evolution of SG #4;

- with and without CCFL model between core and upper plenum with sensitivity study
on the CCFL parameters to evaluate the influence on the core cooling;

- modeling of the SG level regulation with constant or impulse feed water supplies
(negligible effect);

- different heat loss coefficients in the SG for better prediction of the SG secondary
pressures.

The steady state provides the initial conditions of the transient. A comparison of calculated

and experimental (Elkin et al., 2005) times of occurrence of main events is presented in table

2.

Time (s)
Event : ;
Experiment | Calculation

1 | Leakage opening 0 0
Signal for steam line closing in SG-4

2 | (5G4 level > 1.77 m) 43 40
Beginning of steam line closing in SG-

3 4 (event #2 + 2 5) 63 60
Complete steam line closing in SG-4

4 (event #3 +11.3 s) 17.6 172
Scram signal, begin of intact SGs

> isolation (press. in UP <13.7 MPa) 269 218
Actuation of emergency feed water

6 pumps (event #5 + 2 s) 28.9 238
Beginning of feed water closing in SG-

7 4 (event #5 + 4.6 s) 315 264
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Time (s)
Event ; 7
Experiment | Calculation

Switching off of PRZ heaters

8 (PRZ collapsed level < 2.33 m) 320 278
Start of core and bypass power

? reduction (event #5 + 5.6) 325 274
Opening and seizure ADS of SG-4

10 ADS (press. in SG-4 > 7.16 MPa) 525 253

1 Complete feed water closing in SG-4 335 8.4
(event #7 + 2 s)
Stopping of SG-1, 2 and 3 steam

12 discharge (event #5 + 16.6 s) 435 384

13 | PRZ emptying 50.0 42.6

14 | Pressure in UP <10.8 MPa 62.0 54.0
Start of HPSI injection

15 (event #14 +15) 63.0 55.5

16 Primary coolant reaches a subcooling 665 635
of 10°C
Start of MCPs coast down

17 (event #16 + 17 s) 83.6 80.6
Complete switching off of MCPs

18 (event #17 + 232 s) 289 313
Start of ACCU-1 injection 617 635
Start of ACCU-2 injection 617 636

19 | Start of ACCU-3 injection 617 637
Start of ACCU-4 injection 617 627
(primary pressure < ACCU pressure)

20 Presspre in the primary side is lower 416 444
than in the secondary one
Volume of water injected in primary

21 circuit by HPSI > 0.33 m? 888 861
Stop of HPSI injection

22 (event #21 + 10 s) 898 872
Stop of ACCU-1 injection 4600 6108
Stop of ACCU-2 injection 4675 6105

23 | Stop of ACCU-3 injection 4615 6109
Stop of ACCU-4 injection 4620 6110
(ACCU level <0.45 m)

24 | Start of the first bundle heat up 8521 -

25 | First loop seal clearing 8635 -

26 | Start of the second bundle heat up 12208 12400

27 | Stop of experiment 12425 12645

Table 2. Chronology of main events

The leak flow is very specific in PRISE compared to leakages from primary or secondary
circuit to the ambient atmosphere. Secondary pressure is higher than atmospheric pressure,
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so the ratio between the pressure at break upstream and downstream is lower in the first
case. Thus, in PRISE, critical flow is observed at the very beginning of the accident, whereas
the sonic flow remains a long period of time in case of a leakage to atmosphere.

Due to the leak, the primary pressure is decreasing (figure 4), which leads to the actuation of
the scram signal at 21.8 s (UP pressure < 13.7 MPa).
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Fig. 4. Pressure in the UP (hot leg connection area)
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Fig. 5. 5G-4 secondary pressure

The power in the core simulator and bypass heaters starts to decrease according to the
specified law with a delay of 5.6 s after the scram signal. On the secondary side, the valve
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that controls steam removal from steam generators begins to close. Feed water supplies of
intact SGs are switched to the emergency feed water, with a delay of 2 s, while feed water
supply to broken SG is closed.

The pressure and the water level in the broken SG (SG #4) rapidly increase from 6.31 to
7.16 MPa. So that the signal for steam line closing, due to SG high level (>1.77 m), is given at
4.0 s (4.3 s in the experiment). Complete steam line closure occurs at 17.2 s. (17.6 s measured).
At 25.3 s, the pressure in the broken steam generator (SG #4) reaches 7.16 MPa (figure 5),
then opening and seizure of ADS in open position occurs.

In the intact SGs, the pressure also increases but do not reaches the set point for ADS
opening (figure 6).
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The calculated leak flow reaches the maximal value of 2.4 kg/s at the very beginning of the
transient (figure 7). It can be compared with the experimental value of 2.6 kg/s.

According to EREC specialists, one shall consider that the two-phase flow rate
measurements must be used with care, comparing them with the calculated mass ejected
through the break. More reliable is the comparison of the rejected masses (figure 8).
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Fig. 8. Mass of coolant ejected through the break

The pressurizer level rapidly decreases due to the leak from primary circuit. Pressurizer
heaters are switched off at 27.8 s. (PRZ level <2.33 m). The PRZ is completely empty at
42.6 s (50 s in the test).
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Fig. 9. Coolant temperature in the UP lower part
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At 63.55 (66.5 s in the experiment) the primary coolant reaches a sub-cooling of 10°C and the
main circulation pumps starts coast down, with a delay of 17 s, according to a specified law.
The coolant temperature in the upper plenum lower part - at core outlet - is shown in figure 9.
After pressure in primary circuit decreases below 10.8 MPa at 54 s, HPSI pumps start to
inject water into the cold legs of loops #3 and #4. The injection lasts until 861 s (888 s in the
experiment) when the storage tank is empty (0.33 m3). The LPSI does not start because the
tank is already empty when reaching the actuation set point of 2.5 MPa.

Further decrease of primary pressure causes hydroaccumulators injection at 627-635s
(primary pressure < ACCU pressure set point). The ACCU injection is sufficient to
compensate the loss of the coolant through the break. The primary mass inventory stabilizes
until the end of ACCU injection (injection stops when the ACCU level decreases below
0.45 m). The behavior of ACCU #1 is shown in figure 10.
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Fig. 10. Pressure in ACCU-1

At 444 s (416 s in the experiment) the pressure in the primary side decreases below the
secondary pressure in SG #1, #2 and #3. The heat exchange between primary and secondary
circuit is different in the intact and broken steam generators. In the broken SG, heat is
transferred from the primary side to the SG and then released through ADS, whereas in the
intact SGs, reversed heat flow occurs and they are cooled down by the primary side and the
heat losses.

After the stop of ACCUs injection, primary mass inventory continually decreases, core void
fraction increases and finally heat up of the upper part of the fuel bundle occurs. Figure 11
shows the bounding fuel cladding temperature in the core: i.e. at each time step, the
maximum fuel cladding temperature in the whole core is considered.

In the experiment, a small core heat up (t = 270°C) can be observed at 8638 s, which is not
predicted by CATHARE code. The second fuel simulator heat up is rather well predicted by
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CATHARE. It starts at 12400 s in the calculation (12208 s in the experiment). The experiment
and the calculation finish when the fuel cladding temperature reaches 300°C.
The differential pressure in the core is represented in figure 12.
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Differential pressure in the upper plenum is shown in figures 13 and 14.
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Fig. 13. Differential pressure in the UP lower part

Figures 15 and 16 illustrate respectively the calculated fuel cladding temperature and void
fraction in the core as function of time and axial position.
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6. Conclusion

Comparison between calculated and experimental results shows good prediction of the
basic physical phenomena and parameters such as primary and secondary pressures,
temperatures, loop flows, etc.

Discrepancies appear in some differential pressures and loop seal clearance is delayed.
Some overprediction of primary mass inventory can be observed.

The final core heat up is in good agreement with the experiment.

7. Acronyms

ACCU Hydroaccumulator

ADS  Atmospheric Steam Dump System

BP Core Bypass

CCFL  Counter-Current Flow Limitation

CL Cold Leg

Cs Core Simulator

DC Downcomer

ECCS Emergency Core Cooling System

FR Fuel Rod

HL Hot Leg

HPSI  High Pressure Safety Injection

IDD Input Data Deck

LOCA Loss of Coolant Accident

LP Lower Plenum

LPSI  Low Pressure Safety Injection

MCP  Main Circulation Pump

NPP  Nuclear Power Plant

PRISE Primary to Secondary Leakage

PRZ Pressurizer

PSB Polnomasshtabnyi Stend Besopasnosti
(Fullscale Safety Mock-up)

PWR  Pressurized Water Reactor

SG Steam Generator

uP Upper Plenum

VVER Vodo-Vodianoi Energeticheskii Reaktor (Russian designed PWR)
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1. Introduction

Steam generators in the second generation nuclear power plants with pressurized water and
CANDU reactors were in most cases of the shell-and-tube type. The reactor coolant passes
through the tubes at the primary side and boils water on the outside of the tubes (secondary
shell side) to make steam.

Typical dimensions of the tubes are the diameter of about one inch or less and the tube wall
thickness of about 1 mm. A few thousand tubes with shape of inverted letter U were
installed in a typical steam generator. The dominant choice of material was Ni-Cr-Fe alloy
Inconel 600. After some years of operation the first degradations were detected.
Degradations were caused by a variety of mechanisms and were not limited to Inconel 600.
A good review of designs, materials and degradation mechanisms was given in (Shah and
MacDonald 1993).

Replacements of steam generators solved the degradation problem mainly by the choice of
different tubing material (IAEA 2008). A large number of original steam generators are still
in operation and some of them may operate without replacement until the final shutdown of
the plants. Consequently, the degradation of the steam generator tubes is still in the focus of
research and maintenance activities. Recent examples include (Lee, Park et al. 2010),
(Revankar, Wolf et al. 2009), (Hur, Choi et al. 2010), (Pagan, Duan et al. 2009) and (Pandey,
Datla et al. 2009).

Our main purpose is a critical compilation of the past work in the field of probabilistic
assessment of steam generator degradation and maintenance strategies. The probabilistic
apparatus already proposed to serve in specific cases has been consolidated and generalized
to accommodate a wide range of mechanistic and empirical models describing the tube
failure modes.

1.1 Safety consequences of degradations

Steam generator tubes are exposed to thermal and mechanical loads combined with
aggressive environmental conditions. Rather severe corrosion damage resulting in through
wall flaws has been, among others, reported in tubes made of Inconel 600 (Shah and
MacDonald 1993).

Through-wall flaws in ductile pressurized components may at appropriate conditions lead
to detectable leaks long before the structural integrity of the component is challenged.
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Through-wall leaks should in most cases be interpreted as a reliable call for a corrective
action (repair or replacement). However, in some specific cases continued operation with
controlled leaks within the safety, legal, economical or other constraints might be acceptable.
The Inconel 600 mill annealed (MA) steam generator tubes in pressurized water reactors
may serve as a good example of allowable continued operation with limited leakage. The
tubes confine radioactivity from neutron activation or fission products to the primary
coolant during normal operation. However, the primary reactor coolant is at a higher
pressure than the secondary coolant, so any leakage through defects in the tubes is from the
primary to the secondary side, and rupture of the steam generator tubing can result in
release of radioactivity to the environment outside the reactor containment through the
pressure relief valves in the secondary system.

Steam generator tubing represents a large part of the reactor coolant pressure boundary,
which represents the second of three consecutive safety barriers preventing the release of
the radioactive materials to the environment. The integrity of the reactor coolant boundary
and therefore also of the steam generator tubes is therefore considered a paramount safety
goal (Murphy 2007). Two potential failure modes of the tubes have received special
attention (IAEA 1997):

i.  single or multiple tube rupture and

ii. excessive primary-to-secondary leakage without tube rupture.

A sufficient safety margin against tube rupture used to be the basis for a variety of
maintenance strategies, which were developed to maintain a suitable level of plant safety
and reliability (see (Shah and MacDonald 1993) for more details). This topic will not be
pursued further here. It will merely be noted that some of the maintenance strategies
justified sufficient margin also for the tubes with through-wall flaws. Consequently, several
through-wall flaws may remain in operation and potentially contribute to the total primary-
to-secondary leak rate. Cases with up to 2000 flaws within a single steam generator have
been reported to operate successfully (Cuvelliez and Roussel 1995).

1.2 Inspection and repair strategies

Traditionally, the steam generators were declared operable following a successful
completion of the surveillance program. The surveillance program required periodic tube
inspections. The inspection of tubes was typically performed using eddy current probes in
intervals between 12 and 40 months. The required sample of the inspection depended on the
number of defects found and ranged from 3 to 100% of the tubes. The tubes with damage
exceeding the repair criteria, typically 40% reduction in the tube wall thickness, were
required to be repaired (Murphy 2007). Repair typically included plugging or sleeving of the
tube (Shah and MacDonald 1993). The aim was to preserve the integrity of the tube, both in
terms of appropriate margins against tube rupture and leakage in normal and anticipated
accidental conditions.

Significant degradation problems could result in increasing number of plugged tubes that
could severely reduce the performance of the steam generators. At the same time, the eddy
current errors and defect growth rates sometimes exceeded those allowed by the tube repair
criteria. This motivated the regulators to move towards performance based requirements to
ensure the integrity of the steam generators. These allowed for the use of defect specific
inspection and repair strategies, which were supported by experimental and analytical
findings. Probabilistic assessment became a frequent part of the analytical efforts to quantify
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the success of inspection and repair strategies in terms of tube failure probability. The
probabilistic assessment techniques are discussed in detail in the following sections. The
overview of the performance based requirements in USA is given in (Murphy 2007).

1.3 Outline of this chapter

Section 2 (Probabilistic modelling) outlines the consolidated and generalized probabilistic
apparatus already proposed to serve in specific cases and generalized in this section to
accommodate a wide range of mechanistic and empirical models describing the tube
failure modes. Section 3 (Numerical examples) provides illustrative and practical
examples demonstrating and illustrating the performance of the generalized probabilistic
apparatus. Section 4 (Information content of successful sampling inspections) investigates
the inspection situation typical for replacement steam generators, where the inspection of
a small random sample selected from all tubes reveals no defects. The probability of
having certain number of defective tubes in the uninspected part of steam generator is
discussed.

2. Probabilistic modelling

2.1 Basic assumptions

The following basic assumptions are used in the sections below:

o the defect size as measured by the non-destructive examination technique can be used
to describe failure behaviour.

e  The reliability and sizing accuracy of the non-destructive examination technique can be
quantified.

e The repair of the defects with measured size exceeding allowable size is perfect. In
other words, repair restores the virgin state of the tube or removes the tube from
operation.

e There is a potential to predict the growth of the degradation in the period until the next
inspection.

e  There is exactly one crack per tube.

e  The parameters governing the tube failure are statistically independent.

2.2 Failure integral

Let us assume that the failure behaviour of the damaged tube can be described using n
random variables ¥ = (x4, ..., x,) and a failure function g(X). Further, let the failure function
be defined so that g(X) < 0 indicates the failure of the damaged tube. The probability of
failure Py of the population of tubes is then defined as (Madsen and Krenk 1986):

P = f f@dz 1)
g@ <o

Now, the probability that j tubes will fail within a steam generator with total of N tubes may
be estimated using;:

J
o) = L oo ®
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The probabilities that one or more tubes will fail are therefore given as:

PG =1)=NPreNPs 3)

Pj=1)=1- e NPr 4)

2.3 Examples of failure functions

Examples of failure functions given in this section are based on specific types of defects

found in steam generator tubes with respective defect specific maintenance strategies:

e Axial cracks in tube expansion transitions just above the tube sheet. The cracking
resulted from primary water stress corrosion (cracks initiated at the tube inner surface)
driven by substantial residual stresses in expansion transition zones (Fig. 1.). Only the
tube rupture was considered as possible failure mode here. Special inspection
techniques were developed to reliably and accurately measure the crack length. The
tubes with measured crack length exceeding predefined repair limit were repaired. The
leaks through safely short cracks were experimentally determined to be rather
insignificant and also easily detectable (Esteban, Bolafios et al. 1990; Flesch and Cochet
1990).

e  Outside diameter stress corrosion cracking under the tube support plates. The widely
accepted root cause were aggressive impurities, which accumulated in the crevices
between the tubes and tube support plates. These caused rather large network of
intergranular cracks initiated at the outside tube surface. Some of the damaged tubes
were pulled from the steam generators and served to establish empirical correlations
between the defect size indicated by the inspection equipment on one side and the burst
pressure and leak rate on the other side (see for example (Dvorsek, Cizelj et al. 1998)
and the references therein).

Further examples of models, which may be used in the definition of the failure function for

various degradation processes have been proposed in the literature. Recent examples

include for example (Revankar and Riznic 2009), (Kim, Oh et al. 2010), (Hui and Li 2010),

(Kim, Jin et al. 2008) and (Hwang, Namgung et al. 2008).

2.3.1 Axial cracks in expansion transition zones: tube rupture

Primary water stress corrosion cracking was one of the first degradation mechanisms which
were tackled by the defect specific inspection and repair strategy (Hernalsteen 1993). In
most cases it resulted in axial cracks, mainly driven by the residual stresses caused by the
expansion process during the manufacturing of the steam generators.

Consider a long pressurized tube which is fixed into a drilled tubesheet by the means of
expansion (Fig. 1.). The tube contains an axial through wall crack with length 2a. The failure
mode of concern is the unstable (ductile) propagation of the crack leading to tube rupture.
Leak through the tube is not the concern. Nevertheless, the reader is referred to (Revankar,
Wolf et al. 2009) for a recent review of available leak rate models through cracks in steam
generator tubing.

The nuclear steam generator tubes are typically made of ductile Ni based alloys. A limit
load model may therefore be appropriate:

9(%) = 05 —mgp 0 ()
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o represents the flow stress, oy is the pressure induced hoop stress and my the so called
bulging factor (Erdogan 1976):

0.614 + 0386 ¢ VT + 0,866 — ©)
mg = U. . e . fgre—
F VRt

a represents the crack half length at the end of inspection cycle. R and t are the mean radius
of the tube (R, — t/2) and the tube wall thickness. The bulging factor essentially accounts
for bending stresses at the crack lips, which bulge towards shape similar to fish mouth with
increasing pressure or crack length.
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Fig. 1. A tube expanded into a tube sheet: expansion transition zone

The flow stress oy is defined by the yield strength o, and ultimate tensile stress o), of tube
material and may be adjusted for operating temperature (6r), if the g, and o), were obtained
at a different temperature:

or = (0 + o) 8¢ (7)

K is an experimentally determined constant which describes the degree of strain hardening
behaviour of the tube material. Typical value for ductile metals in question is about 0.5. The
hoop stress o represents the crack driving membrane stress perpendicular to the direction
of the crack, which is governed by the pressure difference Ap:

et ()

Numerical values of the random variables indicated in egs. (5) to (8) are detailed in Table 1.
2.3.2 ODSCC under tube support plates: tube rupture

The ODSCC under tube support plates resulted in complex networks of integranular cracks.
The characterization of the crack networks by the non-destructive examination was not
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sufficient to support a mechanistic model of stable and unstable crack growth. The failure
assessment was therefore based on an empirical relation between the defect size as
measured by the non-destructive examination method and the experimentally determined
tube rupture pressures (EPRI 1993).

The failure function for the evaluation of failure probabilities was formulated as (Dvorsek,
Cizelj et al. 1998):

9(Bp, Apy, a) = Ap — Aps(a) ©)

Ap represents the loading expressed as the pressure difference across the tube wall. The
highest pressure differences in the PWR NPP are typically caused by the accidents involving
loss of secondary coolant system. The Aps(a) denotes the burst pressure of the tube
containing a defect of size a. This is given by an empirical relation (EPRI 1993) as :

Aps(a) = A+ B -logyo(a) + ¢ (10)

A and B are proprietary coefficients obtained by regression analysis of tube burst pressures
measured on degraded tubes pulled from operating steam generators (EPRI 1993). At
present, they are assumed constant. ¢ models the random error of the regression model.

The defect size is the direct reading from the measurement by the appropriately calibrated
bobbin coil probes (eddy current technique). The result of the inspection, which is assumed
to indicate the defect size, is the amplitude of the signal (measured in Volts) obtained from
the bobbin coil. As a very general reference, the signal amplitude indicates the volume of the
lost material in the sense that its value depends on the crack length, crack depth and crack
opening.

2.3.3 ODSCC under tube support plates: excessive leakage

The extent and complex morphology of the ODSCC also required verification that the
leaking through all defects will remain within statutory limitations. The assessment of the
leakage was again based on an empirical relation between the defect size as measured by the
non-destructive examination method and the experimentally determined leak rates at
assumed fixed pressure differences (EPRI 1993). The failure function was formulated by
(Cizelj, Hauer et al. 1998) and (Cizelj and Roussel 2003):

9(@umax, Qr) = Qumax — Qr (11)

Quaxrepresents the statutory leak rate limit which is not to be exceeded during all design
basis events. Qr is the total leak rate through all n defects:

n l n-l
Qr = Z Qi(a;) = ZQi (@dlpo + ZQ;‘ (aj)lpjzo (12)
i 7 =1

The leak rates through the individual defects Q;(a;) depend on the defect size a; and
operational parameters:

Q(ai' Ap: T; )! Pi (ai) >0

Pi(a;))=0 13

Qi(ay) = {

’
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The operational parameters (pressure difference Ap, temperature T etc.) are for simplicity
assumed constant over all defects considered. The individual leak rates are defined as an
empirical function (EPRI 1993):

log(Q;) = by + by - log(a;) + & (14)

by and b are proprietary coefficients obtained by regression analysis of tube leaks measured
on degraded tubes pulled from operating steam generators (EPRI 1993). At present, they are
assumed constant. € models the random error of the regression model. The probability that a
particular defect of size a; is leaking is also given by an empirical function (EPRI 1993):

1
— exp[—(no + 11 - log(a)) + z - o]

P(a;) =7 (15)
N, 1 and z - o, are proprietary coefficients obtained by regression analysis of tube leaks
measured on degraded tubes pulled from operating steam generators (EPRI 1993). z - o,
models the random error of the regression model. Recent research may enable future use of
more mechanistic leak rate models (Hwang, Kim et al. 2005).

2.4 Size of the defects

In the field situations the information about the defect sizes comes from non-destructive
examinations. It is therefore reasonable to reconstruct the distribution of actual defect sizes
from the measured data. In this attempt, we assume a joint probability density of measured
(m) and actual defect sizes (a) denoted by p,4 (a, m). The density of measured defect sizes
pu (m) is then given by (Barnier, Pitner et al. 1992):

P (m) = f Paia(mla) pa(a) da (16)
0

Please note that the Bayes’ theorem requires that

pam(a,m) = pM|A(m|a) pa(a),

Pu(m) = [ paw(a,m) da and py(a) = [ paw(a,m) dm a7

Further, we may safely assume that not all defects are detected during the inspection. Let
the probability that a defect of actual size a is detected be denoted as Pyp(a). Then, the
conditional probability density p, p(a) that a defect of size a is detected is given as:

pa(a) Pop(a)
Pajp(@) = = — 18
P fo pA(a) Pop(a) da ( )
Equation (5) may now be combined with eq. (16) to yield:
; mja a) Pop(a)da
o () = Jo P GmID)Pa(@) Pop(@) w0

I, pa(@) Pop(d)da

Distribution of p,4(a) may be estimated by inverting eq. (16). A useful numerical procedure
has been proposed by (Barnier, Pitner et al. 1992). It requires a selection of functional form of
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pa(a). Then, py, (m) is calculated using eq. (16), which depends on the unknown parameters
of p,(a). These can be determined by fitting the calculated values of p),(m) to the empirical
distribution of measured defect sizes by using for example minimization of y?.

2.5 Repair of the defects
Typically, the defects exceeding certain size, denoted repair limit L, need to be repaired. The
defect of size a will therefore exceed the repair limit with probability:

1 [ee]
PL@) = Ponl@) f Paia(mla) dm (1 - &) (20)
L

1/1n represents the fraction of inspected tubes. A residual repair unreliability ¢ is provided
to account for rare events like human error. The fraction of repaired defects is then given as:

[oe]

f pa(a) PL(a)da (1)

0

Similarly, the probability that a defect of size a will not be repaired is given by:

pa(@)(1 - P(a)) (22)

2.6 Growth of the defects
The growth of the defects can be rather efficiently estimated from the successive inspections.
A careful statistical analysis of inspection records may also provide a reasonable indication
of measurement errors (Cizelj and Dvorsek 1999). The obvious drawback of such an
approach is the need to rely entirely on historic data and operational conditions already
observed. Since this approach is rather straightforward, it is not pursued further here.
Mechanistic models of crack growth, if available, may provide predictions for a wide range
of operational conditions. As an example, the asymmetric crack growth law proposed for
axial stress corrosion cracks in expansion transitions of steam generator tubes (Cizelj, Mavko
et al. 1995) is given below.
The growth rate of a stress corrosion crack is given as (Cizelj, Mavko et al. 1995):

. da

tq = (E) = Co(Kiq = Kisco)™ (23)

ta

Please note that the crack growth rate is different for both crack tips (+a, Fig. 2). The growth
of the crack is accompanied by the moving center point, as indicated in Fig. 2. The stress
intensity factors K, are to be estimated from the quite irregular stress field indicated in Fig.
2. A rather simple procedure for stress calculations appropriate for reliability calculations is
proposed in (Cizelj 1994). Material properties C.4, Kiscc and m are taken from literature
(Scott 1991) and detailed in Table 2. The proportionality constant C,, is reported to be about
6 times higher in cold worked than in virgin material (Cassagne, Combrade et al. 1992).
The operational and residual stresses in are, together with stress intensity factors of both
crack tips K4, analysed in detail in (Cizelj 1994).
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Fig. 2. Residual hoop stress in an expanded tube and asymmetric crack propagation.
Reprinted from International Journal of Pressure Vessels and Piping, Vol. 63, L. Cizelj, B.
Mavko, H. Riesch-Oppermann, A. Briicker-Foit, Propagation of stress corrosion cracks in
steam generator tubes, p. 35, Copyrigt (1995), with permission from Elsevier

2.7 Numerical solutions of the failure integral

The basic numerical methods implemented to evaluate the numerical examples are briefly
outlined in this section for completeness. These are the direct Monte Carlo (DMC)
simulation and the First- and Second Order Reliability Methods (FORM and SORM). The
reader is referred for example to (Madsen and Krenk 1986) for a more rigorous description.
Other numerical methods have been proposed in addition to the DMC, FORM and SORM
and are implemented in computational tools such as for example ZERBERUS (Cizelj and
Riesch-Oppermann 1992), COMPROMIS (Pitner, Riffard et al. 1993), PEMAD (Beardsmore,
Stone et al. 2010), PROBAN (Det Norske Veritas 2010) and ANL/CANTIA (Revankar, Wolf
et al. 2009). Some of them also include useful fracture mechanics models.

Direct Monte Carlo corresponds to a sequence of numerical experiments. The failure
function in eq. (1) is evaluated for n realisations of the random vector X. Let s denote the
number of realisations with g(X) < 0. The estimator of the Pyis then given as:

n
p=-2 (24)

n
The standard error of the estimator in eq. (24) is given as:

o /Pf(l — ) (25)

Large number of repeated evaluations of failure function may be required for a reasonably
small standard error. Less computationally intensive methods are available when dealing
with complex failure functions that may only be evaluated using significant computational
resources. Such methods on the one hand include Monte Carlo methods with variance
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reduction sampling, such as for example latin hypercube sampling. On the other hand,
approximate methods such as First- and Second Order Reliability Method (FORM and SORM,
respectively) may offer reasonably accurate results with low computational intensity.

The First Order Reliability Methods (FORM) relies on the closed form solution of the failure
integral in the case of standard normal variables and linear failure function, given as:

Py = ®(=p) (26)

® being the cumulative standard normal distribution and g the reliability index:

Ju (ﬁ*) —ad-u
g = @)
Reliability index is the minimum distance between the origin of space of standard normal
variables and the failure surface. The point on the failure surface with the minimum
distance to the origin is called the design point ii*. Please note that @ = grad(g,,(@")).
For non-linear failure functions, the linearization of the failure function in the design point
provides an approximate value of the failure probability:

Py ~ ®(—p) (28)

The non-normal basic variables are to be transformed from the physical ¥ to the normal i
space. The transformation of stochastically independent basic variables is given as

U; = 71 (F; (X)) (29)

Its inverse is defined as:

Xi =F7H(@U)) (30)

The inverse transformation (eq. (31)) is also used to transform the failure function. The
sensitivity of the failure probability to the scatter of basic variables is expressed as:
B _
— = 31
o T o
The Second Order Reliability Method (SORM) may improve the accuracy of the FORM by
approximating the failure function in the design point by a quadratic hypersurface, which
preserves the main curvatures k; of the failure function. The failure probability is given:

Pr~ S +S;,+5; (32)
n-1
si=o(p)| [a-pros 3)
i=1
n-1 n-1
5= Bep - o@I|] [a-proos -] [a-@+D m-“"] 64
i=1 i=1
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n-1 n-1
55 = (8 + DIBE(-) ~ 9(B)] [ﬂu ~f )05 ~Re (ﬂ(l -+ m)*’ﬁ)] (3)
i=1 i=1
Re represents the real part of the complex argument and i the imaginary unit. ¢ is standard
normal probability density function. The applicability and reasonable accuracy of FORM
and SORM in the reliability analyses of the cracked steam generator tubing has been
confirmed in (Cizelj, Mavko et al. 1994).

3. Numerical examples

Three numerical examples are provided to illustrate the results obtained using the
probabilistic model outlined in section 2. All three numerical examples are based on the data
obtained from regular inspections of steam generators in operating nuclear power plants at
Krsko, Slovenia and Doel, Belgium. All nuclear power plants mentioned in the examples
have already replaced the steam generators.

3.1 Axial SCC in expansion transitions

This numerical example is based on the crack population detected in the nuclear power
plant at Krsko, Slovenia. The data on the geometry and material of the tubing is outlined,
together with assumed distributions, in Table 1. The pressure difference Ap acting on the
steam generator tubes corresponds to the maximal pressure difference mentioned in the
plant safety analysis report and is representative for a limiting hypothetical accident
“feedwater line break”. The failure probabilities reported in this section are therefore
conditional given that the feedwater line break has already occurred.

The distribution of actual crack lengths was described using the lognormal distribution with
shape and scale parameters of 0.532 and 1.627, respectively. This was obtained using the
measured crack length distribution (Krsko SG #1, 1992, (Cizelj 1994)) and the procedure
outlined in egs. (16) through (19). Random measurement error with normal distribution with 0
mean and standard deviation of 0.75 mm and detection probability Pyp(a) = (1 —e™%?%) (1 —
0D were assumed. Possible systematic errors were not considered in this analysis. The
residual non-detection and non-repair probabilities were assumed at ey, = &, = 107*.

All results presented in this section were obtained using the FORM and SORM as
implemented in the code ZERBERUS (Cizelj and Riesch-Oppermann 1992). The stochastic
parameters of the crack growth law (eq. (23)) are given in Table 2.

Basic Distribution .
. Unit
variable Type Parameters
Rout normal $#=9.525, 0=0.0254 mm
t normal $=1.0922, 6=0.039 mm
K normal 1=0.545, 6=0.03 -
or normal 1=0.928, 0=0.003 -
oy normal §u=362., 0=34. MPa
oM normal u=713., 0=25. MPa

Table 1. Geometry and material data (Krsko steam generator No. 1)
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The resulting failure probabilities at different repair limits and time intervals between
consecutive inspections are depicted in Fig. 3. The repair assumes that the detected cracks
with measured lengths exceeding the repair limit are repaired. Beneficial effects of lower
repair limit and shorter time between inspections are clearly shown. The plateau of all four
curves below repair limit of approximately 13 mm is caused by the residual non-detection
and non-repair limits ¢, = ¢, = 107%.

An optimal repair limit is however clearly noted and varies from about 11 mm (15 months
between inspections) and 13 mm (6 months between inspections). In the particular case
studied, the gain of more frequent inspections may be seen as rather insignificant.

Basic Distribution .
. Unit Comments
variable Type Parameters
C. normal $#=2.8-1011, 0=1.0-10-12 m/s Assumed
Kisce normal #=9.0, 0=0.3 MPa m* Assumed
m normal u=1.16, 0=0.03 - Assumed

Table 2. Values of crack growth parameters in eq. (23)

The variables with the strongest influence on the failure probability are the exponent m in the
crack growth law (eq. (23)), the wall thickness of the tube ¢ and the flow stress factor « (eq. (7)).
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Fig. 3. Probability of failure Pras a function of repair limit L and time between two
consecutive inspections. Reprinted from Journal of pressure vessel technology, Vol. 118, L.
Cizelj, B. Mavko, and P. Vencelj, Reliability of steam generator tubes with axial cracks,

p. 441, Copyrigt (1996), with permission from ASME

The dependence of the failure probability on the number of repaired cracked tubes is
depicted in Fig. 4. Please note that the failure probability is interpreted as probability of tube
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failure (eq. (4)). 841 cracks were detected in the SG #1 in Krsko NPP in 1992. The probability
of tube failure is constant for repair limits below approximately 12 mm. At the same time,
the number of cracks to be repaired (tubes to be plugged) is increasing very fast with
decreased repair limit. The repair limit of 12 mm is therefore seen as an optimal choice
preserving the most tubes in operation without sacrificing reliability and safety of the plant.

30 - ol

Lo g .

\\ z O i

L% ]
25 L \ > O 7 2
2 \ % [ timne. TADM | '5
2 \ % 5 lines: FORM . &
5 a0 L \ {é symbols: SORM 410 B
B “‘}3 —— 7 2
2 % SR
2 % 0 S
15 - 2 | E
_g B
5ol Crast are repaired by . 10-2 h
plugging the cracked tubes. 3 2
5 e ] §
| Plugged tubes-depth criterion T~ | &

e ]
. 05000 9o ‘ ‘ ‘ 10
0 5 10 15 20 25 30

Repair limit L [mm]

Fig. 4. Failure probability and the number of repaired tubes

The success of the traditional defect depth repair limit (40% loss of tube wall) is indicated
assuming a poor correlation between the measurements of defect depth and defect length.
The traditional repair strategy could therefore result in a moderate number of repaired tubes
at the cost of a certain steam generator tube rupture following the feedwater line break.

3.2 Tube burst due to the ODSCC at tube support plates

Defect sizes as obtained from 5 consecutive (100%) bobbin coil inspections of one steam
generator at the Krsko NPP are shown in Fig. 5. The distributions remained fairly stable
over the years in all cases analysed in this section. 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 (Dvorsek, Cizelj et al. 1998).
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. (2)).

Distributions of defect growth depicted in Fig. 6 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
growth was observed over all years, tending to get a more fat distribution tail in ISI 5.
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Fig. 5. History of defect sizes

Only the data points exhibiting positive growth were used to directly fit the distributions of
measured defect growth, which is consistent with routine analyses of Krsko ODSCC at tube
support plates. Reasonable fits were provided by either lognormal or gamma distributions.
Lognormal distributions were used in subsequent calculations since they are known to
cause larger failure probabilities than gamma distribution.

The negative growth is attributed to the measurement error. The data on the negative

growth may therefore be directly used to infer the stochastic properties of the measurement
error (Cizelj and Dvorsek 1999).

Frequency

350

Measured Defect Growth [V]

Fig. 6. Defect growth
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Fig. 7. Failure probabilities with time and different assumptions on measurement errors and
defect growth

To estimate the tube rupture probability a postulated Feedwater Line Break (FLB) accident
was assumed with differential pressure of 195.6 bar (2850 psi).

In this section we present the single tube rupture probabilities. The estimated probability of
multiple tube rupture was in all cases at least two orders of magnitude lower than for the
single tube rupture probability. Thus, the multiple tube rupture event was not considered to
be of particular importance at this time.

The absolute values of the single tube rupture probabilities are depicted in Fig. 7 as a
function of time. In addition, impact of different assumptions on the defect sizes and defect
growth on the single tube rupture probability is given, exhibiting a considerable impact of
about one order of magnitude. All of them are however depicted without tube repair. It is
clear from Fig. 7 that all of the tube rupture probabilities except in the year 5 were estimated
to be less than 1%, which is in agreement with U.S. NRC requirements [10] (Nuclear
Regulatory Commission 1995). In the year 5, a repair of a moderate number of tubes would
be required to stay below 1%.

The estimated single tube rupture probabilities are conditional, given a postulated FLB
accident.

3.3 Leakage through ODSCC at tube support plates

Two numerical examples were chosen to illustrate the performance of the proposed
probabilistic approach. They are based on the inspection data obtained from Slovenian
Krsko and Belgian Doel-4 steam generator tubes (3/4 inch tubes made of Inconel 600 Mill
Annealed) in (Cizelj and Roussel 2003).

In operation, the defect size is generally a time dependent variable. In this analysis, two
points in time are of concern and fully define the defect size: (1) beginning (BOC) and (2)
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end (EOC) of the cycle between two consecutive inspections. Thus, the prediction of the
EOC defects sizes includes stochastic combination of BOC defect sizes and defect growth.
The distribution of defect sizes in the Krsko plant at the BOC is given in Fig. 8. In the
calculations, empirical and fitted lognormal distributions of defect sizes at BOC were used.
The differences between failure probabilities obtained with different defect size
distributions were comparable to the statistical noise of the Monte Carlo simulation.
Nevertheless, the empirical distribution consistently leads to higher values of the probability
of exceeding the allowable leak rate and was therefore selected as representative input data
model for subsequent analysis. The total number of defects detected was 492.

Allowances for defect growth (with 52,6 % of defects exhibiting nonnegative growth, compare
Fig. 6) and measurement errors were also provided and yielded the defect size at EOC.

Fig. 9 depicts probability of excessive leakage as a function of allowable total leak rate. Three
different curves are given to illustrate the effect of defect progression: BOC (no defect
progression), EOC with 52,6% of defects exhibiting growth (which is consistent with field
observations in Krsko) and EOC with 100% of defects exhibiting growth. The Krsko specific
growth rate is used in the analysis and is shown to contribute less than one order of
magnitude.

Krsko

Frequency [%]

Lognormal Approximation
All Defects (492)
Leakers (<5)

Defect Size [V]

23

Fig. 8. Distribution of BOC defect sizes-Krsko plant. Reprinted from Nuclear Engineering
and Design, Vol. 185, L. Cizelj, I. Hauer, G. Roussel, C. Cuvelliez, Probabilistic assessment of
excessive leakage through steam generator tubes degraded by secondary side corrosion, p.
347, Copyrigt (1998), with permission from Elsevier

The statistical standard error of Monte Carlo simulations is represented by error bars in Fig.
9. It is in the order of 0.1% and is considered to have negligible influence on the quality of
results presented here. Further, simulations revealed that only about 5 (1%) out of 492
potential leakers would really leak given assumed model (recall egs. (13) and (15)) and
postulated hypothetical accidental conditions - steam line break.
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Fig. 9. Probability of Exceeding Allowable Leak Rates - Krsko plant. Reprinted from Nuclear
Engineering and Design, Vol. 185, L. Cizelj, I. Hauer, G. Roussel, C. Cuvelliez, Probabilistic
assessment of excessive leakage through steam generator tubes degraded by secondary side
corrosion, p. 347, Copyrigt (1998), with permission from Elsevier

The labels AVN#1, AVN#2 and EPRI denote empirical estimators aiming to predict the
value of the total leak rate at or exceeding the cumulative probability of 95%. The AVN#1
and AVN#2 estimators were proposed in (Cuvelliez and Roussel 1995) as alternatives to the
proposal by EPRI (EPRI 1993). The properties of all three estimators are analyzed in detail in
(Cizelj, Hauer et al. 1998). For the purpose of this section, they are considered as empirical
estimators of the 5% failure probability and are used to validate the probabilistic results.

The results of the three estimators are visualized by vertical lines at appropriate values of
total leak rates (Fig. 9). Thus, for EPRI estimator, the failure probability is defined by the
intersection of curves denoted by EOC, 52,6% growth and EPRI (25 1/h). Its value is about
3.5%. The AVN estimators #1 and #2 tend to 5 and 11%, respectively.

The distribution of defect sizes from Belgian Doel-4 plant is given in Fig. 10. The number of
defects detected is 1960 (significantly more than in Krsko). The size of defects is rather large
with a maximum of 18.9 V. It should be however noted that Belgian inspection standards
differ from EPRI standards. Appropriate correlation between “Belgian” and “EPRI” bobbin
coil signal amplitudes was implemented to generate input data. This may be an additional
source of uncertainties, which was not further investigated (Cizelj and Roussel 2003).

The presence of large defects is due to the use of a specific repair criterion allowing defects
of about 10V to remain in service. The distribution of defects shown in Fig. 10 is the raw
distribution as given by the bobbin coil. Also, a fit of lognormal distribution to the
empirical distribution is depicted in Fig. 10. No defect progression was considered in the
calculations.
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The subpopulation of tube leakers in Fig. 10 illustrates the sample distribution of defects
with P;(a;) > 0 (eq. (15)). The simulations revealed that approximately 330 (17%) defects
would leak in this particular case. It is clearly shown in Fig. 10 that larger defects tend to
leak more frequently, which is in accordance with eq. (15).

Doel-4

Relative Frequency [%]

{/’!” Lognormal Approximation
d Al defects
Leakers

Fig. 10. Distribution of BOC defect sizes - Doel-4 plant. Reprinted from Nuclear Engineering
and Design, Vol. 185, L. Cizelj, I. Hauer, G. Roussel, C. Cuvelliez, Probabilistic assessment of
excessive leakage through steam generator tubes degraded by secondary side corrosion,

p. 347, Copyrigt (1998), with permission from Elsevier

The probability of excessive leakage is depicted in Fig. 11 as a function of allowable total
leak rate. Results obtained by two different input distributions of defect sizes are shown.
The histogram of all defects shown in Fig. 10 served as the empirical distribution. On the
other hand, the lognormal distribution was fitted to the raw inspection data. The rather
large difference between both curves is caused by two facts:
e lognormal distribution explicitly allows for rare events. In other words, it allows for
occurrences of large defects, which exceed the measured maximum of 18.9 V.
the probability of leakage eq. (15) is approaching 1 as the defect size is approaching 20
V. Thus, the uncertainties in the leak rate model are not dominant in this region which
increases the sensitivity to the input data as compared to the Krsko case.
Again, the results of three estimators are comparatively depicted in Fig. 11. All of them rely
on empirical distributions of the defect sizes, which suggests the comparison with
probabilities of excessive leakage obtained from empirical distribution. The results of two
estimators appear to be slightly conservative (EPRI 1.8%, AVN#1 3.5%) while AVN#2 tends
to the expected 5%. On the other hand, if the lognormal distribution is used, EPRI estimator
seems to be realistic (leading to failure probability of 6%) while the AVN estimators lead to
failure probabilities exceeding 10% (AVN#1 11%, AVN#2 16%).
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Fig. 11. Probability of exceeding allowable leak rates - Doel-4 plant. Reprinted from Nuclear
Engineering and Design, Vol. 185, L. Cizelj, I. Hauer, G. Roussel, C. Cuvelliez, Probabilistic
assessment of excessive leakage through steam generator tubes degraded by secondary side
corrosion, p. 347, Copyrigt (1998), with permission from Elsevier

4. Information content of successful sampling inspections

In replaced steam generators, the in-service inspection may be performed within a rather
limited sample of tubes. Since the main objective of the in-service inspection is to provide
reasonable insurance of tubing integrity, the information gained about a limited sample of
steam generator tubes must be used to make predictions about the entire population.

The case where the inspection of a small sample selected randomly from the population of
all tubes showed exactly zero defects is investigated in this section. In particular, the
probability of having certain number of defective tubes in the finite population in the case of
zero defects found is discussed. To this end, some closed-form solutions derived using the
Bayesian probability theory in (Roussel and Cizelj 2007) are used. The main assumptions
made in (Roussel and Cizelj 2007) were:

1. all steam generators perform in a like manner;

2. only one flaw may affect a steam generator tube;

3. the samples are selected on a random basis;

4.  the probability of detection for flaws with size larger than the detection threshold is 1.

4.1 Basic relations

Consider multiple N units of the same type. It is expected that there are a few defective units
present. Before inspection, however, there is no known reason to distinguish between
different units as far as their individual plausibility to be defective is concerned.
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Random sampling of # units from the lot may be considered as a random drawing without
replacement of n units. Put S, the number of defective units in a random sample of size n.
The case where n=N means that the sampling without replacement has been performed
until all units have been drawn and hence Sy is the number of defective units contained in
the lot.

In the case where the lot is known to include k defective tubes, the probability of I defective
units among any random sample of size n follows the hypergeometric distribution and is
given by

k\(N—k

(l)(n—l
N
)

In the case where the composition of the population is unknown, the probability of !

defective tubes among any random sample of size n is given by the mixture of
hypergeometric probabilities by application of the rule of total probabilities:

P(S, =1|Sy =k) =h(l,nkN) = (36)

N-n+l N-n+l

PGS, =1)= P(S,=1Sy=k)P(Sy=k)= h(l,n,k,N) P(Sy = k) (37)
kZl N N kzl N

In the Bayesian approach, the prior belief about the probability of k is quantified by a
probability distribution, the prior distribution of k, i.e., P(Sy = k). Data [ are then collected,
and the likelihood function h(l,n,k,N) is constructed. Finally, the posterior distribution
P(Sy = k| S, =1 ) is constructed, by combining the prior distribution P(Sy = k) and the
likelihood function h(l,n, k, N):

P(Sn=l|SN=k)P(SN=k)
P(S,=1)

P(Sy=klS,=1)= (38)
And finaly,

h(l,n,k, N)P(Sy = k)
N (k' ,N) P(Sy = k')

P(Sy=klSp=1)= (39)
The posterior distribution (eq. (39)) shows the updated belief about the values of the
probability that accounts for the observed data. The summation in the denominator ensures
that the right hand side of the equation is properly scaled. In any case, it is just a constant
that is independent of the values of the parameter k.

4.2 Prior and posterior distributions

The choice of the prior distribution of defective tubes P(Sy =k ) is subjective. In the
following, a few examples of prior distributions are discussed. They share a very useful
feature: a closed-form posterior density.

In absence of any information it may be useful to consider a non-informative uniform prior
distribution:

P(Sy=k)=—— 0<ks<N (40)
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This leads to the closed form posterior in the form of:

1+n
P(SN kl'sn 0) 1+Nh(0,n,k,N) ( )
We may also assume that the number of defective tubes in the finite population follows the

binomial distribution with expected number of defective tubes being pN:

P(Sy =k )=<1Z>p"(1—p)”"‘ 0<ks<N (42)

This in turn leads to the closed form posterior in the form of:

P(Sy=k|S,=0)= (N . ") p*(1 = p)N-" h(0,n, k, N) (43)

Further details on derivation and properties of the above posterior distributions are given in
(Cizelj and Roussel 2003).

4.3 Numerical example
Predicting the results of measurements is the forward problem. The inverse problem
consists of using the actual results of measurements to infer the values of the parameters
that characterize the system. The main characteristic of the inverse problem is that it does
not have a unique solution. Because of this, in the inverse problem, a priori information
about the model parameters is needed. In this case, inferring the number of defective tubes
in the whole population from the results of an inspection of a random sample is an inverse
problem. In the probabilistic formulation of the inverse problem, a priori information about
the probability distribution of the system parameters is needed.

The choice of the particular prior in Bayesian analysis is usually interpreted as the

knowledge or belief the analyst has about the investigated problem. Now, let us examine

two rather extreme states of knowledge assumed by our imaginary analyst:

1. The material and design improvements made in the replacement steam generators are
believed to be so efficient that active degradation processes are extremely unlikely. At
the same time it is acknowledged that rare events might occur. Our prior information
about the condition of the tubes then appears described correctly with a binomial
distribution associated with a low value of the probability p.

2. On the other hand, we may acknowledge the material and design improvements made
in the replacement steam generators. At the same time, we are convinced that the
nature is more imaginative than the most experienced engineers. Then, our belief may
well be that no knowledge about the condition of the tubes exists prior to the
inspection. In such situation, the uniform distribution may appear to be a well-suited
distribution.

At the first glance, it might appear that the binomial distribution expresses more

information about the actual proportion of defective tubes in the steam generators than the

uniform distribution. However, comparing eqs. (42) and (43) reveals that the posterior in eq.

(43) is identical to the prior (eq. (42)) we would have postulated for any subset of N-n tubes

in the population. Otherwise stated, the data collected during the in-service inspection of the

first sample (1) tells us nothing at all about the unsampled tubes (N-n). Indeed, the choice of

a binomial prior introduces a strong belief that there is a limited and rather well
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characterized subpopulation of defective tubes. Since we do not find any defective tubes
during the inspection of the sample n, the entire defective subpopulation must have
survived the inspection and remains in the uninspected set of the tubes.

The explanation of the uniform prior requires numerical example. The steam generator
contains N=10,000 tubes in all subsequent discussions. The definition of the relative sample
size always refers to N. For example, a 10% sample would consist of n=1000 tubes.

Let us reiterate that the choice of uniform prior introduces the a-priory belief that any
number of defective tubes is equally probable. This results in the posterior density (eq. (41))
of the number of defective tubes left in uninspected tubes, given the random sample of size
n revealed zero defective tubes. Posterior densities for selected inspection samples are
plotted together with the prior density in Fig. 12.

The non-informative uniform prior has a value of about 104, which is independent of the
number of defective tubes in the steam generator. Now, assume that inspection of a small
(0,5%) random sample has been performed without finding any defects. Our information
about the uninspected tubes improved drastically: The probability of having small number
of defects increased for about two orders of magnitude. At the same time, although not
shown in Fig. 12, the probability of having large number of defects in the uninspected part
of the steam generator also decreased significantly. The expected number of defective tubes,
which was 5000 for the uniform prior, decreased to 191 (yellow dots in Fig. 12).

Further increases in sample size are shown to increase the knowledge about the uninspected
part of the population significantly. Inspecting the 20% random sample (without finding
any defects) results in expected number of remaining defects at about 4 and in very fast
decrease of probability of having larger numbers of defects.

E<00
il Prige —Sampip size 0.5%
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Fig. 12. Posteriors with different sample sizes. Uniform prior and 0 defects in the sample.
Reprinted from Journal of pressure vessel technology, Vol. 129, Guy Roussel and Leon
Cizelj, Propagation of stress corrosion cracks in steam generator tubes, p. 109, Copyrigt
(1996), with permission from ASME

Expected number of defective tubes in the uninspected part of the population is plotted as a
function of the sample size in Fig. 13. In addition, the 90% and 99% confidence curves are
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plotted based on the expected number of degraded tubes and its variance defined in (Cizelj
and Roussel 2003). Without inspection, the expected number of defects is 5000. It diminishes
fast with increasing inspection sample. 3% inspection is shown to give 90% confidence, that
there are less than 80 defective tubes left undetected. Similarly, 20% inspection is shown to
give 99% confidence, that there are fewer than 11 defective tubes left undetected.

Expected number ol nondetected fallures
{unttorm prior and O defacts In a sample)

o 5% 10 15% 20 5%
Sampla size

Fig. 13. Expected number of undetected defective tubes. Uniform prior and 0 defects in the
sample. Reprinted from Journal of pressure vessel technology, Vol. 129, Guy Roussel and
Leon Cizelj, Propagation of stress corrosion cracks in steam generator tubes, p. 109, Copyrigt
(1996), with permission from ASME

The confidence to be placed in the results of the sampling inspection therefore depends
mainly on the knowledge about the defective tubes existing prior to the inspection. As a
rough practical guide, sampling inspection will only improve our knowledge about the
defective subpopulation if we had very poor or no knowledge about it prior to the
inspection. The sampling inspection (with uniform prior) may therefore be trusted as long
as no defects are detected. With first failures detected, however, other inspection approaches
might give more reliable results. This will be one of the topics of future investigations.

5. Summary

A critical compilation of the past work in the field of probabilistic assessment of degradation
and maintenance strategies for degraded steam generator tubes was performed. The
probabilistic apparatus previously proposed to serve in specific cases has been consolidated
and generalized to accommodate a wide range of mechanistic and empirical models
describing the tube failure modes. Realistic numerical examples provided illustrative and
practical demonstration of the generalized probabilistic apparatus. Results include tube
rupture probabilities, excessive tube leakage probabilities and comparisons of different
maintenance approaches in probabilistic terms.

The basis for determining the size of the small random samples of tubes to be inspected in
replacement steam generators is revisited. It is assumed that the probability of finding a
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defective tube in a random sample is exceedingly small. A procedure to estimate the
maximum number of defective tubes left in the steam generator after no defective tubes
have been detected in the randomly selected inspection sample is proposed.

The confidence to be placed in the results of the sampling inspection has been found to
depend mainly on the knowledge about the defective tubes existing prior to the inspection.
As a rough practical guide, sampling inspection will only improve our knowledge about the
defective subpopulation if we had very poor or no knowledge about it prior to the
inspection.

The future work is expected to be focused mainly on the mechanistic models describing the
rupture and leakage properties of various defects found in steam generator tubes. This will
improve the predictive capabilities of the probabilistic framework described here.
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1. Introduction

Safety and efficiency of nuclear power plants (NPP) are dependent of the technical state of
heat exchanger tubes installed in steam generators (SG). The majority of Russian and
Ukrainian WWER type NPP units as well as NPP in Czech Republic (Temelin) and Bulgaria
(Kozloduy) are equipped by PGV-1000 type SG. These NPP units were introduced into
service from 1982 to 2004. Decommissioning dates (or dates of life time prolongation) are
planned from 2012 to 2034 (Balitskii et al., 2005). SG heat exchanger tubes create a barrier
between the radioactive primary and secondary water circuits and are one of the most
critical component in NPP due different type defects and damages initiated during in-
service life (Neklyudov et al., 2006; Mytrofanov et al., 2008). The in-service defects appear
along the full tube length and in the zone of the tubes mounting to collector desk. Therefore,
the complex diagnostics of heat exchanger tubes based on the trustworthy results of
nondestructive testing is the question of great importance (IAEA-TECDOC-981, 1997; IAEA-
EBP-VVER-11, 1998; IAEA-TECDOC-1400, 2004).

2. State of the art

The routine examinations of SG tubes along the full length are executed by eddy current (EC)
method which has many advantages in comparison with methods based on other physical
phenomena. Different type internal EC probes for SG tubes inspection are developed. The
most known are bobbin, rotational and array EC probe (Alferink & Meier,1996; Amedro et al.,
1983; Werner et al., 1987; Clark, 1993; Cecco et al., 1996; Herka et al., 1999; Krajcovic & Plasek,
2006). Each type of EC probe has advantages and limitations shortly analyzed in Table 1. At
the present time the largest amount of SG tube inspections are executed by the internal bobbin
type probes application. The main reasons of such choice are high inspection speed, lowest
price, large flaw detection experience and established tradition. Particularly, the bobbin type
EC probes are only one type of probes applied at Ukrainian NPP for full length tube inspection
(Mytrofanov et al., 2008; Uchanin, 2009).

For inspection data interpretation many theoretical and experimental investigations were
carried out (Ida, 1986; Pichenot et al., 2004). In another investigations special algorithms,
based on feature extraction, neural network, etc, were proposed (Wong et al., 1995; Song et
al., 2003; Sabbagh et al., 2008; Nam et al., 2009). But the mentioned results were obtained
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mostly for SG tubes of another types then used at WWER type NPP. Thus for appreciable
understanding of the results obtained during PGV-1000 type SG tube inspection the
subsequent signal response investigation are steel needed. And reliable detection and the
quantification of defects is still difficult task.

Next actual question of EC probe application is the passing ability across full tube length.
This problem is especially significant for SG tubes of WWER type NPP because of
considerable tube geometry disturbances and clogging by deposits.

Advantages Disadvantages
1) High sensitivity to axial cracks. 1) Low sensitivity to circumferential
o | 2) High inspection speed. cracks.
'§ 3) Determination of defect locationin | 2) Unrecognizing and false interpretation
§~ axial direction. when several defects are situated with
S | 4) Determining defect depth and the same axial location.
S | length.
" | 5) High reliability and durability.
6) Comparatively low price.
1) High sensitivity to cracks of 1) Low inspection speed.
o | different orientation. 2) Comparatively low reliability and
= | 2) Crack orientation determination. durability.
S | 3) Length and depth of crack 3) Comparatively low passing ability.
§° determination. 4) High price.
"_§ 4) Determination of defect location in
& axial direction.
5) Good inspection results
visualization.
1) High sensitivity to cracks of 1) Very high price.
& | different orientation. 2) Comparatively low reliability and
S | 2) High inspection speed. durability.
; 3) Crack orientation determination. 3) Comparatively low passing ability.
£ | 4) Determination of flaw location in
< | axial direction.
5) Determination of defect parameter.

Table 1. Comparative analysis of different type EC probe features.

The next key component important for SG reliability and life-time growth is considered to
be the junction points in which tubes are mounted to the collector wall (Balitskii et al., 2005).
PGV-1000 SG operating experience shows that the collector material is exposed to stress
corrosion, which leads to stress corrosion cracking of collector wall between tube holes
(Melechov & Pochmurskij, 2003). Thus, the task is to detect cracks in the collector wall,
which are developed mainly from the tube holes. For detection of this crack through tube
wall it is possible to use more complicated low frequency EC technique. For such inspection
only totally automatic inspection due the influence of radioactive environment can be
offered.

SG tubes have 16.0 mm in diameter with 1.5 mm wall thickness and are fabricated of
nonmagnetic stainless steel 08X18N10T (AISI 321). The collector wall is fabricated of low-
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alloy pearlitic ferromagnetic steel 10GN2MFA with a wall thickness of 171 mm. The inner
surface of collectors is plated by 07H25N13 steel cladding. The tube ends are flared in the
collector wall and welded to the cladding steel layer. There are 119 vertical and 110
horizontal rows of tube inlet holes accessible from the inner surface of the collector. Thus,
the total number of inlet holes is more than 11000. The placement of inlet holes from the
collector side and some dimensions are shown in Fig. 1.
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Fig. 1. The scheme of inlet holes placement on the inner surface of collector (left) and heat
exchanger tube mounted in collector wall (right).

3. The investigation and development of eddy current bobbin probes for SG
heat exchanger tubes inspection

3.1 Model based eddy current bobbin probe defect signal response analysis

A differential type bobbin EC probe consists of two opposite connected identical coils.
Because of such connection differential bobbin probes are insensitive to gradual changes of
tube wall thickness and temperature. Due this feature differential bobbin EC probes are
used for defect detection only. The computational model (Fig. 2) deals with a differential
bobbin EC probe placed in a tube of stainless 08X18N10T steel, which corresponds to the
heat exchanger SG tubes. The 08X18N10T steel specific conductivity was specified to be 1.2
MSm/m. The geometric parameters of the investigated EC probe (internal r; and external r;
radii, length Io , the number of turns w , and the base of placement of the windings I ) can
be changed in process of calculations, and, hence, we succeed in optimizing their choice for
a specific object and inspection conditions. The defect is located in the tube so that its
midpoint corresponds to X coordinate zero point. The EC probe signal responses were
determined by the volume integral method application (Dunbar, 1985; Sabbagh et al, 2008).
There were calculated the changes in the real X, and imaginary R, components of the EC
probe impedance Z, as well as signal response amplitude Mod Zp at operational frequency
100 kHz in the course of EC probe scanning along the tube (the X coordinate was varied by
1 mm within the range + 10 mm) from cracks of different length [, located symmetrically
with respect to the X coordinate zero point (Fig. 2). The computations were performed for
the differential EC probe in which internal ry, external r; radii and winding length Iy equal to
4.7; 5.1 and 1.6 mm respectively. The number of turns of the coil windings is w = 60. The
inductance of each coil winding in the absence of tested object is equal to 5.5 pH, which
corresponds with the measured inductance of a real EC probe with the same parameters.
The differentially connected coils are separated with distance I, = 3.0 mm. The crack depth
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remained unchanged and was taken equal to 0.5 mm, and crack width (opening) was 0.2
mm. To reach high calculation accuracy, we chose the number of cells in the crack volume
over width, length and depth equal to 8, 32 and 16 cells respectively (Uchanin, 2009).

ey

- .
3 '

« b TZ

1.5 mm

-
%

a
¥
G
I
v

i

216 mm
¢ Py
<

B
Fig. 2. The dimensions and relative position of the bobbin type EC probe and crack in the
tested heat exchanger tube.
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Fig. 3. EC probe signal response scanning hodographs (a) and amplitude distributions
(b) for transverse (®) and longitudinal (¢) cracks with length I, = 5.0 mm.

It was established (Fig. 3) that the scanning hodographs and distributions of the EC probe
signal amplitude for longitudinal and transverse cracks are similar. The EC probe signal
response obtained from a longitudinal crack is approximately thrice as larger against the
signal response for transverse crack of the same size. It was noticed that the EC probe begins
to “sense” a transverse crack at a distance of 5-6 mm from its center and a longitudinal crack
at 7-8 mm. If the EC probe is located symmetrically with respect to the defect the signals
responses of separated coil are equal and the output EC probe signal response is equal to
zero, which was expected for the differential connection of windings. In addition, it is
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necessary to notice that for internal surface (with respect to the EC probe) crack, the
imaginary component of the signal response at the operational frequency 100 kHz is four to
five times greater than the real component.

£ 0024 £ 0,02 %
5 & .
= = \
0.019 0,01 \ l
0,004 0,00 -
r’(’
0,01 -0,01 \\
-0.024 R, ,Ohm
-0,02 D
0.|01 0,{]1 U,EU 0.61
b
[m]
0.02- L £ 0,02
§ ), 3
- RQ
> 0,01 0,01
;
0,00 ﬁm@ 0,00 é;s@
-0,01 0,01
D\ ] \Q
-0,02 1 Dh RD , Ohm -0,02 H 3 RD \ Ohm
0,01 0,00 0,01 001 000 001
d

Fig. 4. EC probe signal response scanning hodographs for longitudinal cracks of different
length I, :a-1.0 (0),3.0 (¢) and 5.0 mm (4); b-6.0 (V) and 8.0 mm (A); ¢ - 10.0 mm (1);

d-12.0 mm ().
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Fig. 5. Signal response amplitude distributions for longitudinal cracks of different length 1, :
a-1.0(0),3.0(e),50(a)and 6.0 mm (¥); b -8.0 (4), 10.0 (7) and 12.0 mm ().

The signal response hodographs (Fig. 4) have a characteristic ansiform shape, which is well
known from experimental investigations (Alferink & Meier, 1996). It is possible to observe
here certain differences for cracks of different length. The hodographs of short cracks (I, <5
mm, Fig. 4a) have a figure-of-eight shape with characteristic rounded part, which begins
from the zero point, when the EC probe does not sense the crack yet, and continue to the
point of maximum signal response amplitude, and nearly linear part, which connects the
points of maximum signal amplitude. In the linear part, the signal response amplitude
changes most significantly per unit of change in the X coordinate and this is reflected in a
greater distance between these points. For a crack length I, = 6 mm (Fig. 4b), the linear part



The Development of Eddy Current Technique for WWER Steam Generators Inspection 151

of hodograph begins to bend and with further increase in the length come nearer towards its
rounded part (Fig. 4c). For long cracks (I, > 10 mm), the parts of increase and decrease in
the signal amplitude and the corresponding points on hodographs are coincided. (Fig. 4d).
These features of the EC probe signal response formation for cracks of different length have
a physical interpretation and can be explained by the simultaneous influence of the
beginning and the end of a crack on the EC probe coils for short cracks. For some values of
the defect length, the phenomena indicated above are confirmed in some investigations
(Pichenot et al., 2004; Bisiaux et al., 2006).

It was established (Fig. 4 and 5) that the signal response amplitude from a longitudinal crack
depends on its length for cracks not longer than 6 mm. We observe here inessential changes
in the signal phase, which are manifested in a slight turn of the hodograph in the complex
plane. Under the subsequent crack length increase the amplitude and slope of hodograph of
EC probe signal response remain practically invariable. Note that, for short longitudinal (1
mm) and transverse cracks, the coordinates of maxima correspond to the base I, = 3.0 mm of
the coil windings placement. The amplitude distribution of EC probe signal response for
cracks of length more 1 mm depends on their length (Fig. 5). Hence, knowing the signal
distribution, we can determine crack lengths. It should be noted that, in determining the
length of long cracks from the Z coordinates, where the signal amplitude is greater than the
threshold of operation of the flaw detector, we can obtain a significant error whose sign and
value depend on the assigned threshold of sensitivity. More exact results can be obtained if,
for this purpose, the coordinates of maximum values of the amplitude distributions of
signals will be used. From Fig. 6 we can see that the distance Iy, between coordinates of
maximum amplitude correlate with crack length I, very good. Insignificant data scattering

can be explained by discrete choice of crack length in calculations.

g 121
g
g 10+ .
-~
8_
[ ]
6,
44
2 T T T T T T
0 2 4 B 8 10 12

Fig. 6. Influence the crack length I, on the distance [yx between maxima points of
longitudinal cracks signal response distribution.

So, we have studied the distribution of the signal responses of internal bobbin EC probes for
cracks of different orientation and length in the SG heat exchangers tubes. Some specific
features of hodographs and signal amplitudes for cracks of different length were
established. The results obtained can be used for the interpretation of the EC probe signal
responses and adjustment of the inspection procedures.
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The result of inspection must contain not only the information about the presence of defect,
though it is also very important. The main task is to predict the subsequent operating time
without tube leakage, when defect during its growth reach the opposite surface of tube,
independently of internal or outer tube surface was damaged from the beginning. Such
estimation can be carried out, when the parameters of detected defects will be evaluated
with the fracture mechanic approaches. Such parameter as “metal loss” or defect volume
very often is applied in practice (Neklyudov et al., 2006). But for small opening fatigue crack
the tube damage and safety are not accompanied by loos of material. To our opinion the
residual tube thickness is the better operability criterion to make decision about tube
plugging. It is clear, the residual thickness can be obtained from the defect depth
measurement results independently of the tube surface the defect was initiated. Therefore
the defect depth and residual thickness very often are estimated in percent of tube thickness.
The defect width and length also influence the tube durability and availability, but don’t
have priority importance for estimation of leakage possibility.

To analyze the problems in inspection results interpretation the signal response amplitude
and phase in dependence of defect parameters were investigated. In contrast to previous
investigations, when the signal response distribution was calculated, the dependence of
signal response parameters in specified points defined during the scanning along the tested
tube (for example in the point of maximum signal amplitude) must be the main point of
interest. That is why, for next calculations the absolute type EC probe it is convenient to
apply, because the signal response maximum for defect will be correspond the zero point of
X coordinate (x =0 in Fig. 2). Hereupon the probe winding parameters were selected the
same as in previous calculations.

The changes of the EC probe signal response amplitude Mod Zp and phase ¢ at operational
frequency 100 kHz for longitudinal cracks on internal tube surface, when probe is situated
in zero point (x=0), in dependence of depth a, width (opening) ¢ and length I were
defined (Fig. 7-9). The signal response amplitudes were balanced and normalized in respect
to signal response of EC probe situated in defect-free zone of tube.
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Fig. 7. Influence of crack depth a on the amplitude Mod Zp (a) and phase ¢
(b) for longitudinal 6 mm long crack with width 0.1 mm (m); 0.2 mm (¢) and 0.4 mm (4 ).
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Fig. 8. Influence of crack width c on the amplitude Mod Zp (a) and phase ¢
(b) for longitudinal 6.0 mm long crack with depth 0.2 mm (A ); 0.6 mm (©) and 1.0 mm (1).
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Fig. 9. Influence of crack length I, on the amplitude Mod Zp (a) and phase ¢
(b) for longitudinal crack with depth 0.2 mm (w) and 1.0 mm (e).

Presented results show strong amplitude-depth and phase-depth EC probe defect signal
response dependence. In our case, the amplitude is increased more than to one order and
phase is changed more than 30 degrees, when crack depth is changed from 0.2 mm to 1.4
mm. The dependence of signal response amplitude becomes stronger with the crack depth
growth. It is especially noticed, when crack depth is more than 1.2 mm, what is fitted with
experimental results (Alferink & Meier, 1996). The amplitude-depth dependence (Fig. 7a)
coincides with experimental results obtained for artificial electro-erosion defects and
introduced stress corrosion cracks in tubes identical to our calculation mode (Krajcovic &
Plasek, 2006).

As we can see on Fig. 7b the phase-depth curves for cracks with different width are very
close each other to draw a conclusion about the invariant property of phase relatively the
crack width changes. This conclusion is confirmed by dependences on Fig. 8b, where it was
shown that crack depth weakly influence the signal response phase. As it was mentioned
before, similar conclusion it is impossible to say about the signal response amplitude.
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It is necessary to emphasize, that the phase is not the invariant parameter relatively the
crack length, when the crack depth it is needed to be defined, especially for short cracks.
Such influence of crack length to signal response phase is low in comparison with the crack
depth influence. At least, two defects with 0.2 mm and 1.4 mm depths can be differentiated
by phase measurements even for high difference in crack length (Fig. 9b). More accurate
algorithm for crack length estimation can be established from the signal response
distribution (see Fig. 5) (Uchanin, 2009). In this case, for crack depth estimation it is possible
to use the phase-depth dependences obtained for previously defined crack length.

Let us consider the signal response features for local defects with different depths originated
from internal and outer tube surfaces. Calculations were carried out for absolute type EC
probe (with only one winding) moved along X axis (Fig. 2). It was considered local corrosion
(like pitting) defect simulated by 1 mm diameter circular hole with flat bottom. Depths of
holes were increased from 0.3 mm to through wall condition, when 1.5 mm depth was
reached. As in previous calculations, EC probe signals were balanced relatively EC probe
signal for unflawed tube. Operational frequency was 100 kHz as in previous investigations.
On next figures the EC probe signal response scanning hodographs in complex plane for
different depth holes situated on internal (fig. 10a) and external (fig. 10b) tube surfaces were
plotted.
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Fig. 10. EC probe scanning hodographs for holes situated on internal (a) and external (b)
tube surfaces for hole depth 0.3 mm (e and ©); 0.6 mm (A and A); 0.9 mm (Y and ¥);
1.2 mm (< and <) and 1.5 mm (m and =).

It can be noticed, that depth of the hole for internal and external defects influences the
hodographs pattern. For any tube surface the defect depth growth lead to amplitude growth
and the hodograph rotation. The amplitude changes for subsurface defects on external tube
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surface are more considerable than amplitude changes for surface defect on internal tube
surface. It seems that the hodograph rotation and phase changes are stronger for surface
defects in comparison with such changes for defects on external tube surface. Such feeling is
wrong and this statement was confirmed, when more scrupulous analyze was done. When
depth of surface defect is increased from 0.3 mm to 1.5 mm, the phase of signal response in
the points of amplitude maximum is changed on 32.4° from 104.8° to 72.4° (Fig. 10a). The
same growth of the depth for subsurface defect rotate the hodographs in counterclockwise
direction and phase is changed on 45° from 26.9° to 72.4° (Fig. 10b).

This conclusion is confirmed by next diagrams (Fig. 11), whereon the amplitude and phase
in the points of EC probe maximum amplitudes in dependence versus the defect depth
independently of the tube surface the defects were originated are presented. Black marks
correspond with the surface defects on the internal tube surface and the white marks are
fitted with defects on outer tube surface.
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Fig. 11. Influence of defect depth a on the EC probe signal response amplitude (a) and
phase (b) for holes situated on internal (m) and external (&) tube surfaces.



156 Steam Generator Systems: Operational Reliability and Efficiency

Depth-amplitude diagram on Fig. 11a show, that the same amplitude can be corresponded
with two different defects, situated on different tube surfaces. Thereby, the signal amplitude
doesn’t give the possibility for recognition of defects situated on different tube surfaces.
Such recognition can be obtained by phase measurements. The depth-phase diagrams
similar to presented on Fig. 11b are widely used in practice for defect depth estimations. It is
important to notice, that such diagrams must to be obtained for specified EC probe, selected
operational frequency and tube material. Very often this requirement is violated in practice,
because of the difficulties in producing the reference standard set with different size defects
needed for precise eddy current inspection equipment calibration.

3.2 The development of bobbin probe with enhanced breakage resistance and tube
passing ability

Unfortunately, low passing ability is the characteristic feature of tubes mounted in
overwhelming majority of WWER type NPP. This circumstance is the root cause of
considerable reduction of quantity of tubes, inspected by one bobbin probe, due rapid wear
and cable breakage. To improve the bobbin probe breakage resistance and passing ability
some new technical judgment were proposed (Mozhuchin et al., 2002; Najda et al., 2002).
Conventional bobbin probes for SG tube inspection consist of eddy current coils and long
cables (such long as tube length) for connection with eddy current device. All cables are
protected by tubular flexible sheath. Probes are moved along the tube by special push-puller
system. During in-service life these cables are repeatedly winded on special drum for probes
carrying purposes. For electronic noise suppression cables are executed to be coaxial. The
weak point of conventional EC probe is the point of the connection of coil wires to the cable.
Therefore the coil wires lost contact with cable during the windings on the drum. To prevent
the probe damage the internal wires and cables must be longer than the tubular sheath. In
conventional probes this difference is insufficient even when wires are produced to have
wave like form (see for example Amedro et al., 1983). So, these probes have low operational
reliability and resource, because the inspection technology provides multiple “winding -
unwinding” cycles, when the inspected tubes are changed. The average lifetime of these
probes is limited by 300 - 400 tube inspections. Despite the high price all damaged probes
are throwing away because are not repairable due radionuclide contamination.

One of proposed probe (Najda et al., 2002) has inspection head 1 with EC coils and electrical
connector 2, which are mounted on opposite sides of flexible tubular sheath 3 (Fig. 12).
Tubular sheath can be executed in cylindrical helix form 4. Probe coils 5 are electrically
connected to connector 2 by the cables 5 located inside the tubular sheath 3. The cables 5 are
executed in the form of at least one pair of essentially straight sections, which alternate with
sections, where cables have the form of cylindrical spiral springs with the adjacent turns in
initial part. Cables 6 and 7 may be closely winded around the common axis 8 and 9 forming
a common helix diameter (Fig. 12b). In alternative embodiment cables 10 and 11 can be
winded in spirals around parallel axes 12 and 13 (Fig. 12c). The spiral sections of one cable
are shifted relatively the spiral sections of second cable to some distance 14 and situated
near its rectilinear sections. The alternative embodiment of proposed invention with most
compact version of cable laying is presented in Fig. 12d. Here straight sections of each cable
are situated inside a cylindrical spiral springs areas of second cable.

In the initial state the tubular sheath 3 of EC probe is straightened and the spiral spring
turns 6 and 7 are compressed and fitted each other. When tubular sheath is winded on the
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drum the possible cable length deficit is compensated by the spiral springs stretching. So
during the multiple “winding - unwinding” cycles the cables are not displaced relative to
the tubular sheath and not damaged.
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Fig. 12. Eddy current probe with improved resistance: a - general arrangement; b, cand d -
alternative embodiments with different cable laying.

The next step in EC probe improvements was the increase the possibility to pass through
bended zones of SG heat exchanger tubes. To solve this problem the new construction (Fig.
13) of EC probe was proposed (Mozhuchin et al., 2002). Improved EC probe is supplied by
spiral 4 mounted to inspection head 1. Close to inspection head section 6 of spiral 4 is
executed with clearance between spiral tunes. The length of this section L is equal to 2-15 d,
where d - spiral diameter. The rest section of spiral 4 can be executed with contacting turns.
Section 6 can be executed with changing cross-section area of spiral turns. In this case the
spiral thickness monotonously increases from the head 1 toward the connector 2. In Fig. 13a
and Fig. 13b alternative embodiments of presented improvement are presented. Spiral
profile in section 6 can be produce to be constant in outer (Fig. 13a) or internal (Fig. 13b)
spiral diameters. The embodiment on Fig. 13b is more technological. Thus, in all cases the
part at the front end of the spiral section 6 is made with weakened bending resistance for
better tube passing ability.
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Fig. 13. Different embodiments of eddy current probe with improved passing ability (a, b)
and eddy current probe in bended part of tube (c).

Fig. 14. EC probes for heat exchanger tube inspection.

The increased resistance and passing ability of improved EC probes (Fig. 14) was confirmed
by in-service inspection of PGV type SG on Zaporizhia NPP. The quantity of tubes tested by
one improved probe was increased more then 5 times in relation to conventional EC probes.



The Development of Eddy Current Technique for WWER Steam Generators Inspection 159

4. The development of automated system for eddy current inspection of
collector wall cracking.

The defect detection in NPP collector wall must be executed in conditions of high level of
radiation and pollution. So, full automation of inspection operations it is assumed to be
applied. In addition, for EC probe protection the protective cover, which reduce the EC
probe sensitivity also it is needed. In addition the defect detection in collector wall can be
executed only through the heat exchanger tube wall.

The block diagram of developed automated system for inspection of collectors is shown in
Fig. 15. The system includes a manipulator, unit for servo drive controlling, TV positioning
unit, remote operator working place, industrial computer and eddy current flaw detector
device with rotary scanner for superimposed EC probe rotation (Najda et al., 2008).

[ I [ =100 m
EC flaw Servo drive Industrial |} Remote operator
detector controlling unit computer working place
| |
Manipulator
TV positioning unit

Fig. 15. The generalized scheme of the automated EC system for collector wall inspection.

As the inspection part of the automated EC system it is supposed to use the EC flaw detector

Elotest N320 developed by Rohmann GmbH (Germany), which provides the necessary

facilities needed for automated system creation, in particular:

- Remote control via Ethernet channel, which allows flaw device managing from remote
computer;

- The ability to record and store device settings and obtained inspection signal responses
needed for database creation;

- Representation of signal responses in X-Y, X-t, Y-t or C-Scan form, which provides
advanced visual and programmed signal responses analysis;

- The possibility to realize the two-frequency signal processing and filtering by software
mode application for better suppression of disturbing factors influence;

- Open data transfer protocol for creation of the software based on specific parameters of
the inspected object.

The manipulator (Fig. 16a) is intended for EC probe displacement in the vertical, azimuthal

and radial directions (Fig. 16b) for introduction to the collector inlet holes (Fig. 1a). The

manipulator can be operated in automatic mode on defined inspection map and in manual
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mode. A specific feature of the developed manipulator is a mechanism for coaxial
connection of inspection head to inlet holes, which in the initial state have the deviation
from concentricity and parallelism.

To scan the inner surface of tubes in the collector wall zone special rotary scanner was
designed (Fig. 16c), which provides the tube internal surface scanning by helical trajectory
with speed to 3000 rpm needed for dynamic mode of signal processing. In contrast to some
other inspection systems, the developed scanner was supplied with the protective stainless
steel cover to prevent the EC probe radioactive contamination.

The unit for servo drives controlling was intended to receive the commands from remote
operator working place, to control the signal formation for manipulator and to transfer the
information about the current servo drive parameters to operator working place.

Positioning unit is used to define the presence of plug in the inlet hole, as well as for
centring of the inspection head with EC probe in inlet hole of inspected tube. The
positioning unit operation is based on the processing of television images and the
application of the pattern recognition algorithms. As a result of television information
processing unit make a decision about the presence of plug in the heat exchanger tube, form
a signal about possible displacement in the vertical and horizontal planes for servo drive
controlling.

The automated operator working place is intended to manage the system, to organize the
interaction of the operator interface with the system, to display and store the inspection
results and to analyse the collector wall technical condition.

Fig. 16. The manipulator (a), mechanism for inspection head displacement (b) and rotary
scanner with EC inspection head (c).
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For better noise suppression the two-frequency mode for EC probe excitation (12 and 60
kHz) in combination with signal filtering in dynamic mode were applied. The defect signal
response after amplification and processing can be presented in the complex plane in the
form of the hodograph with characteristic amplitude (pick-to-pick distance) and phase
(hodograph orientation). By the signal response amplitude and phase analysis the detected
defects can be classified and defect parameters, in particular its depth, can be estimated. The
sensitivity threshold for collector inspection is adjusted to be equivalent to artificial defect
with depth 1.0 mm and width (opening) 0.3 mm. To simulate the defects with different
depth two types of reference standards (Fig. 17) with artificial like crack defects were
proposed (Najda et al., 2008; Uchanin et al., 2009).

@13

Fig. 17. Reference standard for 1 mm and 3 mm flaw depths simulation (a) and combined
reference standard for different depth defects simulation in dynamical mode.

Reference standard on Fig. 17a is easier in producing, but can simulate cracks with 1 mm
and 3 mm depth only. Combined reference standard (Fig. 17b) can be applied only in
dynamic mode, when EC probe signal response from conical junction of two parts 1, 2 with
length | during EC probe 6 rotation is suppressed. Crack signal response is simulated by
longitudinal cut 5 in conical part 1. The defect depth can be chosen by change of EC probe
location.

To detect the cracks in collector wall throw the tube wall and the protective cover special
superimposed small size multidifferential type EC probes (specified as Leotest MDF) were
developed in Leotest-Medium Center (Lviv, Ukraine). This type EC probes were
investigated in many known European scientific organizations, such as Otto-von-Guericke
University (Magdeburg), Fraunhofer Institute for non-destructive testing (Saarbriicken),
Kontroll Technik GmbH (Schwarmstedt) at alias (Uchanin et al., 2002; Uchanin, 2006;
Uchanin et al., 2006; Mook et al., 2007; Uchanin, 2009). The main task for developed EC
probe is to detect 1.0 mm depth defect throw 1.5 mm tube wall thickness plus 1 mm
protective cover thickness. The signal response for 1 mm depth defect in complex plane on
EC device screen is presented on Fig. 18.
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Fig. 18. Complex plane signal response obtained for 1 mm depth defect in reference
standard (Fig. 17a).

Presented signal responses (Fig. 18) confirm good sensitivity and low noise level of
developed EC system, when defect detection is performed throw the heat exchanger tube
wall.

5. Conclusion

In this chapter the results of bobbin type EC probe signal response investigation are
presented. The specific features of signal response distribution for cracks of different
orientation, length and depth are analyzed. The inspection procedure for defect parameters
estimation is discussed. The results obtained were used for bobbin type EC probe
optimization and can be applied for inspection data interpretation.

The results of new EC bobbin probes development also are presented. For better tube
passing ability special structural arrangements of EC probe constructions were proposed. It
is especially important for examination of WWER type SG tubes because of inconvenient
geometry and/or clogging.

The automatic EC system for detection of cracks in collector wall with rotary low frequency
superimposed EC probe is presented. The developed automatic system consist of rotary
scanner with EC head, EC flaw detector device, manipulator supplied with TV positioning
unit for controlling the inspection head introduction to inlet holes, industrial computer for
tested data collection and remote operator working place. The performance of developed
low frequency superimposed EC probe confirms good sensitivity of developed EC system.
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1. Introduction

Steam generator tube (SGT) in nuclear power plant is a boundary between primary side and
secondary side, whose integrity is one of the most critical factors to nuclear safety (Roberts,
1981). The SGT is made of nickel based Inconel alloy, which is composed of 75% Ni, 16.5%Cr
and 8.15%Fe. Inconel alloy has very little magnetic response due to its austenitic nickel base,
and the domain walls move relatively unimpeded through the material. The SGT are
continuously exposed to harsh environmental conditions including high temperatures,
pressures, fluid flow rates and material interactions resulting in various types of
degradation mechanism such as corrosion, pitting, denting and inter granular attack.
Multifrequency eddy current inspection techniques are currently among the most
widespread techniques for the rapid inspection of SGT in nuclear power industry. Although
the eddy current test (ECT) technique is adopted widespread in the nuclear industry
(Bakhtiari, 1999), it has the limitation to size the flaw accurately because the eddy current
measure the impedance signified by the conductivity change associated with the volumetric
change of flaws, where the permeability of flaw is considered unity. The EC test currently
applied in the nonferrous materials having relative permeability 1 such as Inconel alloy
because the magnetic permeability of magnetic materials severely limits the depth of
penetration of induced eddy currents. Furthermore, the small magnetic phase having
permeability variation inherent in SGT can cause spurious EC test results (Park et al., 2010).
It is well known that some part of SGT change as a magnetic phase known as permeability
variation clusters (PVC) under the conditions of high pressure and temperature which is the
operating environments of nuclear power plant. The relative permeability of the magnetic
phase is greater than 1, and with a number of ferromagnetic metals, a value of several
thousand can be reached. Internal stresses caused by drawing, straightening, or similar
work on the material, can give rise to severe fluctuations in the permeability (Takahashi,
2004). These fluctuations would always cause interference with the test signals. In order to
eliminate this interference effect during testing, the ferromagnetic test piece is magnetized
by a suitable device such as magnetized ECT probe. Recently, to eliminate ECT signal
fluctuation, the magnetized probe with the built-in permanent magnet is being used in the
SG tube inspection, because a strong magnetic field of this probe reduces the variation of
magnetic permeability, which gains S/N ratio. If we can separate magnetic phase (MP)
selectively from the flaws using magnetic sensor, the reliability of EC in SGT inspection will
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be greatly enhanced. This book begins with the introduction of steam generator, the
creation mechanism of MP, the simulation, design and application of new probe which
detect the MP. In section2 we present a brief recapitulation of the steam generator and the
material properties of Inconel alloy, and ECT data containing the PVC obtained from
nuclear power plant was analyzed, and also the hysteresis loop of PVC which is extracted
from retired Kori-1 SG were measured. In section 3 we introduced the principle of new
probe which separate the defects and MP, and the design of new probe in order to detect the
MP and defects of SGT. In section 4 we performed electromagnetic analysis of MP using
finite element simulation, and the results are compared with the experimental one which is
obtained from our new probe.

2. Steam generator in pressurized water reactor

2.1 Overview of steam generator

Steam generator (SG) is the heat exchanger used to convert water into steam by using heat
produced in a nuclear reactor core. The SGs also have an important safety role because they
constitute one of the primary barriers between the radioactive and non-radioactive sides of
the plant as the primary coolant becomes radioactive from its exposure to the core (Roberts,
1981). The function of the steam generator is to transfer the heat from the reactor cooling
system to the secondary side of the tubes which contain feedwater. In commercial power
plants SGs can measure up to 21 m in height and weigh as much as 800 tons. The layout of
pressurized water reactor (PWR) components, and the structure of SG is shown in Fig. 1.
Generally, 2~4 sets of SG were installed in the each nuclear power plant. Each SG can
contain anywhere from 3,000 to 16,000 tubes, each about 20 mm in diameter. The coolant
(treated water), which is maintained at high pressure to prevent boiling, is pumped through
the nuclear reactor core. Heat transfer takes place between the reactor core and the
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Fig. 1. The layout of pressurized water reactor (PWR) components, and structure of SG

circulating water and the coolant is then pumped through the primary tube side of the SG
by coolant pumps before returning to the reactor core. This is referred to as the primary
loop. As the feedwater passes the tube, it picks up heat and eventually gets converted to
steam. That water flowing through the SG boils water on the shell side to produce steam in
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the secondary loop that is delivered to the turbines to make electricity. The steam is
subsequently condensed via cooled water from the tertiary loop and returned to the SG to
be heated once again. The tertiary cooling water may be recirculated to cooling towers
where it sheds waste heat before returning to condense more steam. Once through tertiary
cooling may otherwise be provided by a river, lake, or ocean. This primary, secondary,
tertiary cooling scheme is the most common way to extract usable energy from a controlled
nuclear reaction. For this reason, the integrity of the tubing is essential in minimizing the
leakage of water between the two sides of the plant. There is the potential that, if a tube
bursts while a plant is operating, contaminated steam could escape directly to the
secondary cooling loop. Radioactive releases can occur early in the event until the SG with
the broken tube is isolated. Release paths include - air ejector exhaust and turbine driven
emergency feed water pump exhaust normally; releases from the SG power operated relief
valves may occur.

2.2 The degradation of SG and material specification

Two of the most important factors affecting a tube’s vulnerability to degradation are the
tube material and the tube’s heat treatment. The two types of tube material being used in the
PWR are Alloy 600 and Alloy 690 (Harrod et al., 2001). The chemical compositions of these
materials are given in table 1. The two types of heat treatment applied to these materials for
improving their mechanical and corrosion properties are mill annealing and thermal
treatment. The SG tubes are either mill-annealed Alloy 600, thermally treated Alloy 600, or
thermally treated Alloy 690. During the early-to-mid 1970s all plants, except one, had mill-
annealed Alloy 600 steam generator tubes. The extensive tube degradation at PWRs with
mill-annealed Alloy 600 SG tubes has resulted in tube leaks, tube ruptures, and midcycle SG
tube inspections. This degradation also led to the replacement of mill-annealed Alloy 600
SGs at a number of plants and contributed to the permanent shutdown of other plants.
There are known SGT damage mechanisms such as outer diameter stress corrosion cracking
(ODSCC), pitting, volumetric changes, primary water stress corrosion cracking (PWSCC),
and inter granular attack (IAG) (Okimura et al., 2006). The structure of SG and degradation
mechanism is shown in Fig. 2. The dominant cause of tube degradation of Alloy 600 SGT
was tube thinning. The cause of thinning is known as corrosion; therefore water chemistry
flowing around them is treated as importantly. All plants have their water chemistry control
programs virtually to eliminate the problem of tube thinning. After tube thinning, tube
denting became a primary concern in the mid to late-1970s. Denting results from the
corrosion of the carbon steel support plates and the buildup of corrosion product in the
crevices between tubes and the tube support plates. Stress corrosion cracking (SCC) has
primarily occurred at plants with mill-annealed Alloy 600 SGTs.

In the late 1970s, Alloy 600 tubes were subjected to a high-temperature treatment to improve
the tube’s resistance to corrosion. This thermal treatment process was first used on tubes
installed in replacement SGs put into service in the early 1980s. Although no significant
degradation problems have been observed in plants with thermally treated Alloy 600 SGTs,
plants which replaced their SGs since 1989 have primarily used tubes fabricated from
thermally treated Alloy 690, which is believed to be even more corrosion resistant than
thermally treated Alloy 600. Traditional tube repair criteria are based on a minimum wall
thickness requirement (USNRC, 2006). Typically, the tube wall thickness may be degraded
by up to 40% of the initial wall thickness before the tube must be repaired. This allows an
adequate margin against leakage and bursting. This criteria can be overly conservative for
localized flaws such as short stress corrosion cracks. As a result, use of the 40% through-
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wall repair criteria may result in tubes being unnecessarily removed from service even
though they would continue to satisfy the existing regulatory guidance for adequate
structural and leakage integrity. Most of the newer steam generators, including all of the
replacement steam generators, have features which make the tubes less susceptible to
corrosion-related damage. These include using stainless steel tube support plates to

minimize the likelihood of denting and new fabrication techniques to minimize mechanical
stress on tubes.
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Fig. 2. The structure of SG and degradation mechanism
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Material Composition, wt%
Fe Ni Cr C Mn Si Al Ti
1-600 8 72 15 .03 2 1 2 .25
1-690 10 58 30 .02 2 1 2 .25

Table 1. Chemical compositions (wt%) of Inconel 600 and Inconel 690

2.3 The inspection of SG

Since traditional inspection techniques only partially identified and precisely measured the
size of cracks. The procedure performing comprehensive tube examinations must use
appropriate inspection techniques and equipment capable of reliably detecting degradation,
which is given in the code and standard (EPRI, 2010). The industry has since developed
better methods of detecting cracks before tube integrity is potentially impaired. However,
there continue to be challenges including precisely measuring crack size. Thus during
scheduled maintenance outages or shutdowns, some or all of the steam generator tubes are
inspected by ECT. Since the early days of commercial nuclear power, plant staffs at all
plants have monitored the integrity of the SGTs using ECT during the normally scheduled
refueling outages. If there is a thinning above a preset criterion or indications of
abnormalities in the tubes, the tubes would be plugged or sleeved. Plugs prevent water
from flowing through the tube. Sleeves may be used in those cases where defects or
thinning might be present close to the tube sheet. Electric power research institute (EPRI) in
US has supported industry efforts to improve steam generator reliability. A number of
utilities have replaced their original steam generators. It is expected that during the 40 year
initial operating license period, a plant may have to replace steam generators once. Excellent
chemistry control on the secondary side of the steam generator is required. The ECT is the
conventional method for inservice inspection (ISI) of SG tubing that is exposed to corrosive,
high-pressure, and temperature environments. This nondestructive evaluation (NDE)
method has advanced significantly over the years in all areas associated with probe design,
instrumentation, and computer-aided data analysis (Sakamoto, 1993).

2.4 The problem of ECT

Although the EC technique is adopted widespread in the nuclear industry, it has the
limitation like size the flaw accurately because the EC signal behavior depends on the total
volume of flaw. Furthermore, PVC such as the build-up of magnetite (Fe3O4) and MP on the
secondary side of the SG tubing has no direct effect on the tube integrity but it causes
spurious EC test results (Kim et al., 2004). The relative permeability of the PVC is greater
than 1, and with a number of ferromagnetic metals, a value of several thousand can be
reached. Internal stresses caused by drawing, straightening or similar works on the material,
creates the MP in the SG tube, which can give rise to several fluctuations in the permeability
(Takahashi et al., 2004). These fluctuations would always cause interference with the test
signals. Recently, to eliminate EC signal fluctuation, the magbias probe which the built-in
permanent magnet being installed in the probe is used in the SG tube inspection, because of
strong magnetic field of this probe reduces the variation of magnetic permeability, which
gains S/N ratio (Song, 2006). However, the magbias ECT probe could not saturate strong
PVC having large permeability, and the strong magnetic field of magnetized ECT probe
amplifies the EC signal with noise by the interaction of magnetic field of ECT probe and
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induced currents of probe coil. In this study, ECT data containing the PVC obtained from
nuclear power plant was analyzed, and also the hysteresis loop of PVC which is extracted
from retired Kori-1 SG were measured.

2.4.1 ECT signal fluctuation due to PVC (magnetic phase)

Fig. 3 shows inspection results by using the conventional probe and magbias probes. These
signals are extracted from ECT data which is recorded as PVC signal by ECT examiner. The
tubes were inspected by bobbin and motorized rotating probe coil (MRPC) probe with and
without magnetized unit. The Fig.3 (a,b,c) represent the results of conventional bobbin and
MRPC probe and Fig.3 (d,e,f) represent that of magbias probe. The MRPC probe consists of
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Fig. 3. The signal from (a) bobbin probe, (b) pancake coil (c) Plus point coil, and (d), (e), (f)
represent the corresponding signals by magbias probe

three types of coils: two pancake and a +point. The pancake coils consist of two different
diameters: 2.0 mm and 2.9 mm. The larger diameter pancake coil is to improve penetration
depth of the signal to outside surface. Field experience shows that pancake coil has better
sensitivity to volumetric defects whereas +point coil has better sensitivity to crack like defect
(USNRC, 1996). Prior inspection of SG tube by bobbin probe indicates continuous
distribution of PVC signal up to 1 m (Fig.3 (a, d)). However the PVC signal was not
eliminated by magbias probe as shown in the left side of Fig. 3 (d, e, f), and the S/N ratio
was reduced which is contrary to our expectation. The magnetized probe was introduced to
saturate the ferromagnetic nature of PVC, but the saturation field depends on various
factors such as demagnetization coefficient of the PVC. If the magnetic field of magnetized
probe could not saturate the PVC, then the distortion of the ECT signals increases by the
interaction of the magnetic field of magbias probe and PVC, which results low S/N ratio.
The noise level by the +point coil was significantly decreased by the use of magbias probe.
The data of the inspected tube shows the indication of long and narrow axial defects in
bobbin and MRPC data. However, reevaluated results by magnetized probe shows that the
data obtained from pancake coil covered with noise like signal and the data from plus point
coil shows sharp ridge of mountain. The peak distribution obtained from pancake coil
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considerably decreased and that from plus point coil disappeared by using the magnetized
coil. The S/N ratio obtained from the bobbin and pancake of MRPC probe considerably
decreased by using the magnbias probe, which suggests the flaw is constituted as a
volumetric defect.

2.4.2 Confirmation of MP in SG

The samples for PVC in SG tube were extracted from retired SGT of Kori-1 NPP in Korea.
Fig. 4 shows a permanent magnet attached on the fragment of SGT containing the PVC,
which means that some parts of SG tube transformed as a MP. In order to investigate the
magnetic properties of this PVC, the fragment was machined as rectangular type of 2 x 2
mm samples for measuring hysteresis loop using VSM. To confirm the mechanism of MP by
deformation in Inconel alloy 600, the tensile tests were conducted in the room temperature
and 600°C. The deformed area of tensile tested specimen was cut as a slice with 2 mm length
for VSM measurement, and deformation rate was measured at each slice.

Fig. 4. The picture showing the substance of magnetic phase (PVC) in the SG tube. The
sample was extracted from the retired SG tube of Kori-1 NPP

Fig. 5 shows the typical hysteresis loop of a fragment of PVC parts of SGT. The loop show
different configuration for part by part of fragment. Although the sample is extracted from
the same fragment, the magnetic moment and the coercivity shows different value with
respect to sample position in the fragment. The onset of ferromagnetism in the high Cr and
low Ni steels was associated with the formation of ferrite during sensitization. However, in
higher nickel contents alloy such as Inconel 600, no ferrite formed and sensitization occurred
without an increase in magnetic induction (Bain et al., 1993). For still higher Ni content in
alloys, Curie temperature decrease rapidly with an increase in Cr content (Chevenard, 1934).
Takahashi et al (Takahashi et al., 2004) proposed that the creation of MP in Inconel Alloy 600
is related with the decrease of Curie temperature by Cr depletion, however the permeability
increase is less than 1.2 although the Cr content decreased from 17 to 14 wt% by depletion.
These values are too small to form the hysteresis loop observed in Fig. 5. In order to identify
the mechanism of PVC in the retired Kori-1 SG tube, the changes of hysteresis loop by
deformation of Inconel 600 alloy were investigated.
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Fig. 5. The hystresis loop in the fragment of PVC parts of Kori-1 retired SG tube

Fig. 6 show the change of hysteresis loop for the specimen which are deformed at room
temperature and 600 °C. The hystereis was not appeared in the annealed specimen at high
temperature and tensile specimen tested at room temperature, but it was appeared in the
tensile specimen tested at high temperature. The hysteresis of the specimen in the Fig. 6(b)
cannot be explained as a Cr depletion, because it was not appeared in the undeformed
specimen at high temperature. Therefore the MP can be created under the high temperature
and pressure conditions, which is correspond to the stress corrosion cracking in the SG tube
in the NPP (Bruemmer et al., 1981).
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Fig. 6. The hysteresis loop of the tensile tested specimen at room temperature (a), and tensile
tested at high temperature (b)

3. Design and construction of sensor for MP measurement

Fig. 7 shows physical principle of ECT. When we measure impedance from applied voltage
and current, there exist certain phase shift due to the resistance and inductance of coil as
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shown in Fig. 7 (a). The phase will be changed by a defect as shown in Fig. 7(b). If we
measure this phase, we could measure defects, and this is basic principle of ECT. But if there
is defect in ferromagnetic material as shown in Fig. 7(d), we could not distinguish non-
magnetic specimen without defect (Fig. 7(a)) and ferromagnetic specimen with defect. This
is a critical problem, may be happen, flows generated in PVC of SGT.
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Fig. 7. Phase relationship between voltage and current of EC probe; (a) non-magnetic
specimen without defect, (b) non-magnetic specimen with defect, (c) ferromagnetic
specimen without defect, and (d) ferromagnetic specimen with defect

3.1 Fabrication of sensor

Fig. 8 shows the principle of the new probe which separates the defects and MP. U-shape of
yoke was employed to magnetize test specimen and induced voltage from B-coil is
proportional to the permeability of the specimen. To reduce lift-off effect, H-coil was used.
The H-coil was connected to B-coil in series opposition. Fig. 9(a) shows dimension of the
yoke and Fig. 9(b) shows photograph of the sensing yoke wound magnetizing coil, B-coil,
and H-coil. As yoke material, 0.15 mm thickness of non-oriented silicon steel was used, and
epoxy molded in vacuum. Using the thin gauged laminated core, we can magnetize yoke up
to 10 kHz.

Fig. 8. Structure of the permeability sensor
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Schematic diagram of the sensor electronics for signal processing is shown in Fig. 10. To
measure amplitude variation and phase shift of induced voltage due to the magnetic
reluctance change caused by the presence of magnetic phase and defects in the steam
generator tube, two phase lock-in amplifier was employed, because magnetic permeability
increase inductance of primary winding and phase angle between primary current and B-
coil voltage will be increase, and vice verse in case of defects. To distinguish directions of

@) (b)
Fig. 9. Dimension (a) and photograph (b) of U-shape sensing yoke

longitudinal and transverse defects, we have made two sensors and put into the probe with
perpendicular each other. 4-channel analog signals(2-channel analog signal per sensor x 2
sensors) are converted to the digital signal using 4-channel input 16 bit ADC (Analog to
Digital Converter), and the digital signals are transmitted to the personal computer through
the RS232C interface using 8 bit embedded microcontroller. Fig. 11 shows photograph of
front side and rear side of completed sensor. Diameter and length of the sensor were 16 mm
and 200 mm respectively. Left hand side of front view of the probe, we can see two sensors
one for longitudinal defect and the other for transverse defect. Fig. 12 shows developed
scanning system and data acquisition software. Scanning of the sensor through the steam
generator tube was controlled by stepping motor and motor controller, and software was
programmed using LabVIEW (Son et al., 2009).

Air-Tlux
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ADC Micraprocessor

Fig. 10. Schematic diagram of the sensor system
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Fig. 11. Photograph of the new probe, front side (above) and rear side (bottom)

Fig. 12. Photograph of the completed measuring system data acquisition software in PC and
probe scanning system

3.2 Design of reference specimen

For the testing of the developed sensor for the defect detection of SG tube, we have made a
reference specimen (RS) which consists of four kinds of artificial defects; defects located inside
of tube, defects located outside of tube, and defects with and without ferromagnetic material.
Fig.13 shows schematic diagram of constructed RS using Alloy600 in this work. The defects
were machined with electrical discharge machining (EDM) method. Defects number 1, 2, 7,
and 8 are located inside of tube and empty defect, and defects number 3, 4, 5, and 6 are located
outside of tube are filled with ferromagnetic material in empty defects to demonstrate
magnetic phase. Table 2 shows the dimension of the machined defects. Width and length of
defects were fixed as 0.2 mm and 5 mm respectively, but depth of the defects was changed
from 20% of the tube thickness (0.22 mm) to 80% of the tube thickness with step of 20%.

3.3 Experimental results

Fig. 14 shows the experimental results obtained by scanning of developed sensor using the
reference specimen of Fig. 13. Here L, means output voltage of in phase signal from
longitudinal sensor, Ly output voltage of out of phase signal from longitudinal sensor, T
output voltage of in phase signal from transverse sensor, T, output voltage of out of phase
signal from transverse sensor. From Fig. 14, we can see longitudinal sensor is sensitive to
the longitudinal defects and signal amplitude is proportional to the defect size, and signals
for MP (number 3,4,5,6,) are bigger than normal defects(number 1,2,7,8). Sign of x- and y-
component signals are the same in case of MP but opposite in case of normal defects. For the
case of transverse defects and MPs, sensor output voltage signals for the transverse
reference specimen are shown in Fig. 15. Transverse sensor is sensitive to the transverse
defects and MPs but not sensitive to the longitudinal defects and MPs. Signs of x- and y-
component signals for the MPs and normal defects are the same as longitudinal defects.
From Fig. 14 and Fig. 15, we can see that developed U-shape yoke sensor for SGT could
detect not only MPs but also normal defects, and also distinguish longitudinal and
transverse defects which are impossible with conventional bobbin type ECT.
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Longitudinal and transverse defects

Def # i L D Remarks
1 0.2 5.00 0.213 (20 %) Internal
2 0.2 5.00 0.427 (40 %) defects
3 0.2 5.00 0.213 (20 %) External
4 0.2 5.00 0.427 (40 %) defects
5 0.2 5.00 0.639 (60 %) PVC(1018)
6 0.2 5.00 0.852 (80 %)
7 0.2 5.00 0.639 (60 %) Internal
8 0.2 5.00 0.852 (80 %) defects

Table 2. Dimension of defects in designed reference specimen
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Fig. 13. Schematic diagram of reference specimen for the verification of developed sensor
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Fig. 14. Sensor output voltage signals from the longitudinal and transverse sensor for the
longitudinal reference specimen
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Fig. 15. Sensor output voltage signals from the longitudinal and transverse sensor for the
transverse reference specimen

4. Magnetic field simulation

4.1 Manufacture of reference specimen

Fig. 16 (a) and (b) are the diagrams of the RS for testing a new designed sensor and
simulating a magnetic field for longitudinal and circumferential MPs and defects. The inner
diameter, the outer diameter, and the length of RS are 16.916 mm¢, 19.05 mm¢, and 440 mm,
respectively. As shown Fig. 16 (a), the numbers 1, 2, 3, and 4 are longitudinal magnetic
phase (LMPs) in the outer wall, while 5 and 6 are longitudinal defects (LDs) in the inner one
(Ryu et al., 2010). As shown Fig. 16 (b), the numbers 1, 2, 3, and 4 are circumferential
magnetic phases (CMPs) in outer wall, 5 and 6 are circumferential defects (CDs) in inner one
(Ryu et al., 2010). The AISI 1810 steel was used to simulate the MPs. Magnetic properties
were measured by hysteresis remagraph (Magnet-Physik), and conductivity was measured
by using 4-point probe method (Janezic, 2004). The maximum permeability, coercivity,
remanence, and conductivity of this steel are 9.80 x 104 H/m, 0.44 kA/m, 0.83 T, and 6.0 x
10> S/m, respectively. Table 3 and 4 show the dimension and position of MPs and defects in
the RS. The shape of MPs and defects is a hexahedron. The length and width of MPs and
defects are the same, and the depth is deeper as the number increases.

The appearance of defects with outside ferrite sludge transforms the flow of magnetic flux
because the EC is changed by the permeability of defects. Fig. 17 is a schematic diagram of
the RS with outside ferrite sludge. The numbers 1, 2, 3, and 4 are inner defects, 5, 6, 7, and 8
are outer defects, 9, 10, 11 are inner defects, and 12 is penetration with outside ferrite sludge
(Ryu et al., 2009). Table 5 shows the dimension and position of defects. Fig. 18 is a schematic
diagram of the RS with nickel sleeving. The numbers 1, 2, 3, and 4 are inner defects with
nickel sleeving. The thickness of nickel sleeving is 250 pm (Ryu et al., 2009). Table 6 shows
the dimension of the artificial defects. The length and width are the same, only the depth is
different.
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Fig. 16. Schematics of the RS for simulation of MPs and defects. (a) The numbers 1, 2, 3, and
4 are LMPs in the outer wall, while 5 and 6 are LDs in the inner one. (b) The numbers 1, 2, 3,

and 4 are CMPs in the outer wall, while 5 and 6 are CDs in the inner one

Defect type Defect No. L (mm) W (mm) D (mm)
Outer defect 1 5.00 0.20 0.213 (20%)
(Insertion of MP) 2 5.00 0.20 0.427 (40%)
3 5.00 0.20 0.639 (60%)
4 5.00 0.20 0.852 (80%)
Inner defect 5 5.00 0.20 0.639 (60%)
6 5.00 0.20 0.852 (80%)
Table 3. The dimension of the LMPs and LDs in the RS
Defect type | Defect No. L (mm) W (mm) D (mm)
Outer defect 1 5.00 0.20 0.213 (20%)
(Insertion of MP) 2 5.00 0.20 0.427 (40%)
3 5.00 0.20 0.639 (60%)
4 5.00 0.20 0.852 (80%)
Inner defect 5 5.00 0.20 0.639 (60%)
6 5.00 0.20 0.852 (80%)

Table 4. The dimension of the CMPs and CDs in the RS
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Fig. 17. Schematic diagram of RS. The number 1, 2, 3, and 4 are inner defects, 5, 6, 7, and 8
are outer defects, 9, 10, 11 are inner defects, and 12 is penetration with outside ferrite sludge

Defect type Defect No. L (mm) W (mm) D (mm)
1 10.00 0.20 0.22
2 10.00 0.20 0.44
Inner defect
3 10.00 0.20 0.66
4 10.00 0.20 0.88
5 10.00 0.20 0.22
6 10.00 0.20 0.44
Outer defect
7 10.00 0.20 0.66
8 10.00 0.20 0.88
Inner defect 9 10.00 0.20 0.22
(30% cutting) 10 10.00 0.20 0.44
o 11 10.00 0.20 0.66
Fex0s coating 12 10.00 0.20 penetration
Table 5. Dimension of defects with and without outside ferrite sludge
Defect No. | Width (mm) [ Length (mm) Depth (mm) Note
1 0.20 10.00 0.25
2 0.20 10.00 0.51
Inner defect
3 0.20 10.00 0.76
4 0.20 10.00 1.02

Table 6. Dimension of defects in designed RS sleeved by nickel
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Thickness of RS = 1.32 mm
Interval of defects =40 mm

Fig. 18. Schematic diagram of RS with nickel sleeving. The numbers 1, 2, 3, and 4 are inner
defects in nickel sleeving

4.2 Magnetic field simulation

The Ansoft Maxwell V12 3D software was used for calculating the reactance change caused
by the presence of MPs and defects (Ansoft Corp., 2009). The U-type probe, which has two
kinds of coils perpendicularly stands on the Inconnel tube including the MPs and defects.
The solver for the FEM was the eddy current. The magnetic potential applied to the
magnetizing coil was 10 A turn, the frequency was 10 kHz. Fig. 19 shows the mesh
configuration for simulating the reactance change of (a) LMPs and LDs, and (b) CMPs and
CDs. The mesh size of LMPs and LDs was about 280,000 tetrahedra, and one of CMPs and

(b)
Fig. 19. Mesh configuration for simulating the reactance change of (a) LMPs and LDs,
(b) CMPs and CDs

(@) (b)

Fig. 20. (a) FEM model with outside ferrite sludge and (b) mesh configuration for simulating
the reactance
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CDs was about 260,000 tetrahedra. Fig. 20 shows (a) the FEM model, and (b) the mesh
configuration of the defect with outside ferrite sludge. The size of the mesh was 291,000
tetrahedra. Figure 21 shows (a) the FEM model for LDs in Inconel tube with nickel sleeving,
and (b) the mesh configuration of the defect sleeved by nickel. The solver of FEM was eddy
current, the number of mesh was 364,000 tetrahedra.

defect 4
defect 3
defact 2

(@) (b)
Fig. 21. (a) FEM model for LDs in Alloy600 tube with nickel sleeving, and (b) mesh
configuration of the defect with nickel sleeving for simulation

Defect 1

4.3 Results and discussions

The calculated results by the FEM for LMPs and LDs are shown in Fig. 22(a), and sensor
output is shown in Fig. 22(b). As shown in Fig. 22, the reactance amplitude increases with
increasing depth of the inner LMP and outer LD (Ryu, 2010). The symbols are the reactance
simulated by FEM, and the solid line, without symbols, is the reactance measured of the
fabricated sensor (Son, 2009). The amplitude of signals at the LMPs and LDs increase with
deepening depth, but the phase of signals is the opposite. So the new sensor can distinguish
the LMPs and LDs produced in SGT.
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Fig. 22. Reactance simulated by FEM and output measured by manufactured sensor for (a)
LMPs and LDs, (b) CMPs and CDs. The numbers 1, 2, 3, and 4 are LMPs, 5 and 6 are LDs at
(a), and the numbers 1, 2, 3, and 4 are CMPs, 5 and 6 are CDs at (b)

The results calculated by the FEM and the in-phase x-output of sensor for CMPs and CDs
are shown in Fig. 22(b). As shown in figure 22(b), the reactance amplitude increases with
increasing depth of the outer CMP and inner CD (Ryu, 2010). The symbols are the reactance
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simulated by FEM, the solid line, without symbols, indicates the reactance change measured
of the fabricated sensor. The amplitude of signals at the CMPs and CDs increase with depth,
but the phase of signals is opposite each other. So the new sensor can measure CMPs and
CDs, and also distinguish the CMPs and CDs produced in SGT by phase.

The result simulated by FEM and the output measured by fabricated sensor for RS with and
without outside ferrite sludge are shown in Fig. 23(a). The reactance amplitude increases
with increasing depth of the inner and outer defect (Ryu, 2009). It jumps when there is
outside ferrite sludge because the reactance is affected by the permeability of the ferrite
sludge. Also, it increases with increasing depth, and is much stronger for passed through
defect. The measured signal at the B-sensing coil is composed of a resistance (real part) and
a reactance (imaginary part). Using this, we calculated the reactance of the B-sensing coil.
The solid line, without symbols, indicated the reactance measured (Ryu, 2009). Fig. 23(b)
shows the output of fabricated sensor and the calculated reactance for defects in Alloy tube
with nickel sleeving. As shown in Fig. 23(b), the reactance amplitude increases with
deepening depth of defect (Ryu, 2009). The defect 1 was not measured, because the distance
from the end of the specimen to defect 1 is very short. The measured signal at B-sensing coil
is composed of resistance (real part) and reactance (imaginary part), we calculated the
reactance of B-sensing coil. The reactance amplitude calculated for the defect present in the
reference Alloy 600 tube is well agreeable with the results measured by the fabricated probe.
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Fig. 23. Reactance simulated by FEM and output measured by manufactured sensor for (a)
with and without outside ferrite sludge, (b) with nickel sleeving. The numbers from 2 to 8

are LMPs, from 9 to 12 LMPs with outside ferrite sludge at (a), and the numbers 1, 2, 3, and
4 are LMPs with nickel sleeving at (b)

5. Conclusion

The degradation and materials specification of SGT were reviewed, and the limitation of
ECT was designated. The effects of magnetic phase on ECT signal were analyzed using the
inspection data of NPP. The large coercivity and clear hystersis loops of PVC which is
extracted from the retired SG tubes of Kori-1 NNP are cannot be explained as a decrease of
Curie temperature by Cr depletion. The hysteresis loop which is observed in the tensile
tested specimen at high temperature suggests that the MP created in the SG tube is related
with stress corrosion cracking. To separate the MP and defect using one sensor, new kind of
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probe which measure permeability change of the specimen was developed. Using the new
probe and RS which has MP and normal defect, we could measure and distinguish not only
MP but also normal defect, and also distinguish longitudinal and transverse defects which
are impossible with conventional bobbin type ECT probe. The reactance change of various
MPs and defects was calculated by FEM simulation, and the results were compared with
measured value by new probe. The reactance increased with increasing depth of the LMPs,
CMPs, LDs and CDs, but the phase of signals at the MPs and defects are the opposite. The
reactance increased with increasing depth of the defect with and without outside ferrite
sludge. But it jumps when there is outside ferrite sludge, and is much stronger for passed
through defect. The reactance increased with deepening the depth of the defect with nickel
sleeving. The reactance calculated for the MPs and defects in the Alloy600 tube agrees with
the result measured by the sensor. So the new sensor can distinguish the MPs and defects
produced in SGT by phase change.
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1. Introduction

The manufacturing of steam generators relies heavily in many different processes of
welding, involving a wide range of materials, welding procedures and requirements.
Quality assurance is of paramount importance in these processes, and in the case of the
nuclear industry, even more rigorous quality control procedures, according to the nuclear
safety regulatory rules and customer specifications, are required.

The currently accepted procedure for quality control is based on the rigorous control of the
welding parameters, such as the heat input, welding speed, material geometry, surface
preparation and cleanness, etc. However, it is known that the physics involved in these
processes is extremely complex, and the efforts aimed at developing a reliable formulation
of the relationships between the process parameters and a defect-free welding seam have
mostly failed (Wu et al., 1997), with only some success in the prediction of stress and
distortion of the joined piece (Dong, 2005).

For that reason, quality assurance in welding processes is typically performed by means of
procedure trials, where the suitable welding parameters are established and used later in
production. However, as there is no guarantee that a free-defect welding is always achieved,
non-destructive testing (NDT) techniques are routinely applied in different stages of the
manufacturing process. These techniques (liquid penetrant, magnetic-particle, ultrasonic, X-
Ray, Eddy current testing ...) are quite effective to validate the quality of the welds, but
most of them are difficult to automate, require complex procedures and take a significant
amount of the production time.

Although off-line NDT procedures can not be avoided in those critical applications, there is
still a great interest in the possibility of on-line monitoring and control of the welding
process. This approach allows the early repair (or even the real-time correction) of defects,
resulting in a reduction of the manufacturing time and costs.

This paper deals with one particular approach for on-line sensing, namely, the spectroscopic
detection and processing of the light generated by the process itself. A great deal of
information about the real-time behaviour of the welding process can be extracted through
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the analysis of the spectroscopic signal, including the detection and classification of defects.
This approach is valid in all processes in which thermal plasmas are generated, for example,
arc and laser welding in the keyhole regime, which have strong optical emission in the
visible range. In this work, the proposed technique has been validated for the arc welding
process and several alloys.

The field trials, performed in the production facilities of Equipos Nucleares, S.A. (ENSA),
have been focused on one particular process: the tube-to-tubesheet welding in large steam
generators for the nuclear industry. This is a particularly demanding process in terms of
quality control due to the huge number of tubes involved and the severe consequences of
difficult-to-detect defects like small porosities. Although the current production methods
result in rare occurrences of such defects, their detection at late stages of the manufacturing
process (for example, during the high-pressure hydraulic test of the finished steam
generator) requires time consuming reworks. Many welding procedures in the
manufacturing of components for the nuclear industry can also benefit from on-line
monitoring. Figure 1 shows a sector of a large steam generator’s tubesheet with more than
10,000 tubes to be welded as part of the manufacturing process.

Fig. 1. Tubesheet of a steam generator for the nuclear industry

In the next section, a brief introduction to the different approaches for on-line monitoring of
the welding processes is presented. Section 3 provides details about the fundamentals of the
plasma emission spectroscopy. Different methods to adapt the spectroscopic approach for
welding diagnosis are also proposed, with the aim of real-time defect detection capabilities.
The implementation of the sensor system is discussed in section 4, in particular, different
solutions to the non-invasive capture of light in a production environment are provided.
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Section 5 presents the results obtained with the different sensor implementations and
spectroscopic processing techniques that have been tested in field trials for the monitoring
of the tube-to-tubesheet welding process of large steam generators for nuclear power plants.
Finally, some conclusions and future lines of work are discussed.

2. On-line monitoring of the welding processes

The importance of on-line monitoring of the welding processes has been recognised long
time ago, even if off-line NDT procedures can not be avoided. Several technologies have
been proposed and investigated for this task, with different level of success and commercial
adoption. For example, today is very common for automated welding procedures to be
guided by seam tracking devices. They are usually based on the projection of a laser line on
the workpiece, while a video camera take an image of the surface profile to guide the
trajectory of the torch or the laser beam (Bae et al., 2002). Voltage sensors to automatically
adjust the current in arc welding processes are also routinely used. Although these
approaches help to improving the quality, there is no real assessment of the resulting quality
and the presence of defects in the weld seam. For this task, other approaches have been
investigated but not widely adopted in production so far.
One possibility is the capacitive sensing between the welding nozzle and the workpiece,
which has been investigated in (Li et al., 1996) for the laser welding process in the keyhole
regime. This measurement is expected to give a constant value for a uniform seam with
constant parameters, and any deviation can be attributed to a potential defect. This
technique has demonstrated a detection rate over 95% of common defects like poor
penetration, hole formation (as small as 0.1mm), miss-tracking, etc. However, as one single
variable is provided and processed, this method makes it difficult to classify and distinguish
defects.
Acoustic detection gives also real time information about the process. It has been proved
that the arc and laser welding produces acoustic emission in the audible and ultrasonic
ranges that can be correlated with the onset of defects (Wang & Zhao, 2001). As with the
previous technique, it is however difficult to discriminate among different defects, although
a statistical analysis applied to the spectra of sound has demonstrated some success in
predicting the weld quality (Gu & Duley, 1996).
Thermography is also a powerful monitoring technique. It offers advantages over classical
artificial vision systems in the visible range, as there is a more direct estimation of the
temperature distribution over the workpiece, which is clearly a magnitude directly related
to the welding quality. A particular case is the single-point temperature measurement,
which is a robust approach when used in a production environment, although with limited
capabilities (Wikle et al., 2001). Thermographic imaging (2D) is a better method which
provides spatial and temporal resolution (Cobo et al., 2007), but the availability of robust
infrared cameras for the industrial environment is still limited.

Plasma optical spectroscopy has also proven to be a promising solution. It extracts rich

information about the process from the strong optical emission of the thermal plasma

generated by the process. Some of the advantages of this technique are the following:

- The optical spectrum includes a continuum of radiation and emission lines from the
atomic species found in the plasma. Both of them (specially the emission lines) offer
information about the plasma and therefore about the welding process. As the intensity
of the lines is related to the level of participation of the chemical elements (and their
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ions) in the plasma, and many lines from several elements are typically found even in a
short wavelength range, it is possible to derive detailed information about the
behaviour of the process.

- The sensor can be a simple non-invasive optical fibre located at a distance from the arc
or beam, while the optoelectronic instrumentation can be dozens of metres away in a
controlled environment. The instrumentation of a monitoring system comprises a
spectrometer and a processing unit. With the proper optics, the end of the optical fibre
can be placed also far away from the pool and protected from fumes or projections.

- Due to the strong light emission from the plasma, a simple and inexpensive CCD
(Charge Coupled Device)-based spectrometer can be used to provide high-speed and
real-time analysis of the welding quality.

- The optical fibre is intrinsically immune to the strong electromagnetic interferences
(EMI) associated with the welding process.

- It does not require any modification of the procedure setup.
However, this approach is not free of drawbacks. One is that the classical processing
technique of the acquired spectra is the determination of the electronic temperature of the
plasma (Te). This involves a series of steps, including the identification and characterization
of the emission lines, which require significant processing power. On the other hand, the
relationship between Te (and other spectroscopic variables) with the resulting quality is not
clear in many cases, and always difficult to model, nevertheless.

For that reasons, the works presented in this chapter try to optimize the spectroscopic

approach for real-time quality monitoring, including the evaluation of more efficient

processing techniques and exhaustive experimental works to improve the detection and
classification of defects. Next section introduces the fundamentals of the proposed
spectroscopic method and different approaches of spectroscopic analysis.

3. Spectroscopic methods for on-line welding monitoring

The plasma emission optical spectroscopy is based on the wavelength-resolved analysis of
the light generated by the thermal plasma, which is naturally produced by some welding
procedures such as arc and laser welding. The “hardware” of the sensor system is simple: it
comprises an optical fibre to capture the plasma emission from the process, and a remote
spectrometer to obtain spectral-resolved information. The captured spectrum is then
processed to obtain relevant information. The common approach when using plasma
spectroscopy in a welding sensor and monitoring system is to calculate the plasma
electronic temperature Te, as it is known that there is a correlation between the resulting
profiles of this parameter and the quality of their associated welds (Poueyo-Verwaerde et
al., 1993). Figure 2 shows the processing steps needed with this “classical” approach of
spectroscopic analysis.

Determination of Te is typically carried out by means of the information associated with two
different atomic emission lines, of the same element in the same ionization stage

— Em (2) B Em (1) (1)
“ kln{l(l)A(z)gm(zwl)}
12)A(1)g,,(VA(2)

where Ep, is the upper level energy, gn the statistical weight, A the transition probability, A
the wavelength, I the emission line relative intensity and x the Boltzmann constant.
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Equation (1) is a simplification of the so-called Boltzmann-plot, which allows the use of
several emission lines for the Te calculation process

In LiPon :ln[hCNj—E—’” )

Amngm Z kTL‘
where h is the Planck’s constant, c is the light velocity, N the population density of the state
m and Z the partition function. The representation of the left-hand side of Equation (2)

versus En has a slope inversely proportional to Te. Equation (2) is derived from the
Boltzmann equation

N -E
N =— m 3
n ngexp(@] ©)

and the expression that relates the intensity of a given emission line I, to the population
density of the upper level Ny,

Imn = NmAmnhymn (4)

The use of Equation (3) is valid when the plasma is in the state known as Local
Thermodynamic Equilibrium (LTE) (Griem, 19643). The condition for LTE is satisfied when

N, >1.6x10"T,*(AE)? )
where N, is the plasma electronic density and AE the largest energy gap in the atomic

energy level system.
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Fig. 2. Classical spectroscopic processing chain to obtain the profile of electronic
temperature for a weld seam, from which defect formation can be estimated

Using either a pair of lines or a wider set to calculate the Boltzmann-plot, it is necessary to
select and identify the lines for a specific element, and measure their centre wavelength,
spectral width and intensity. This is not an easy task due to the presence of noise,
overlapping lines, and calibration issues of the spectrometer, which could result in the
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wrong identification of the atomic element or appreciable errors in the estimation of the
light intensity emission. Furthermore, iterative techniques like Levenberg-Marquardt
(Robinson et al., 1998) are typically used for peak characterization. However, their high
computational cost makes these solutions unsuitable for a real-time monitoring and control
system (Ancona et al., 2001).

3.1 Efficient estimation of the electronic temperature of the plasma

One possibility is the non-recursive and time-efficient analysis of the lineshape. For this
task, the linear phase operator (LPO), a sub-pixel technique, has been proposed (Mirapeix et
al., 2006). Figure 3 (left) shows a captured spectrum for a TIG (Tunsgten Inert Gas) welding
in which several elements (Iron, Manganese...) have been identified in real time.
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Fig. 3. Spectrum of a TIG welding in which the emission lines of some of the steel
constituents and shielding gas have been identified and measured in real time (left).
Calculation of the electronic temperature of the plasma (Te) for the case of a seam without
defects (right)

Once the electronic temperature is calculated, a complete “profile” for the entire seam can be
obtained. Both the absolute value and the relative variations of Te give information about
the process. For a welding seam with constant parameters, Te is expected to be within a
particular range of values; and any unexpected variation can be attributed to a perturbation
of the process, and hence to a potential defect. Several statistical analysis techniques have
been proposed to detect in real time any possible defect (Ancona et al., 2004) (Bebiano &
Alfaro, 2009). Fig. 3 (right) shows an example of a temperature profile for a correct weld
seam with nominal parameters.

In the following sub-sections, several techniques for automatic and real-time defect
detection are explored. They try to substitute the estimation of the electronic temperature for
a simpler spectroscopic variable, or even to correlate directly the captured (raw) spectra
with the occurrence of defects. The aim is the real-time identification of defects with a
simple and efficient technique that can be implemented in a real production environment, in
particular, for the manufacturing of large steam generator for nuclear power plants.

3.2 Spectroscopic analysis based on the background radiation
The background radiation (continuum) is usually ignored or removed from the captured
spectrum. It is generated by recombination processes of free electrons and ions, and by the
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Bremsstrahlung effect, and does not offer specific information about particular atomic
species. However, it can be helpful to simplify the calculation of Te or to detect defects.

For example, an alternative method to compute Te is the line-to-continuum ratio method
(Bastiaans & Mangold, 1985). In this case, Te is calculated using the relation between a single
emission line intensity (integrated over the line profile) & and the intensity of the adjacent
background radiation (non-integrated) I.:

i(ﬂ.)=20052><1()6 Miexp Ei _Em i (6)
I, zZ, T¢ KT, JAA

where Zi is the ion partition function, { the free-bound continuum correction, E; the
ionization potential and A\ the wavelength bandwidth. Although the calculation of Te is not
straightforward and an iterative method is required, the ratio e/I. can be directly used as
the monitoring signal, given that there is a direct relation between this quotient and Te. If
only this ratio is to be determined, this method is easy to implement as the selected emission
line does not need to be identified.

However, it has been demonstrated that no all emission lines are good candidates to infer
information about the welding process (Mirapeix et al., 2008). For that reason, a previous
process of line selection using the Sequential Floating Forward Selection (SFFS) algorithm is
proposed (Garcia-Allende et al.,, 2009). This algorithm is widely applied to reduce the
dimensionality, i.e., the number of wavelengths, of spectral data prior to their interpretation
(Ferry et al., 1994). In this case, previously capture spectra are labelled according to their
associated defects, and the optimum spectral band in terms of defect classification is
obtained by the algorithm. These wavelengths are then used as the spectroscopic monitoring
signal for the process. Fig. 4 shows how the processing steps are reduced with this
approach.
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Fig. 4. Spectroscopic processing using SFFS for line selection and line-to-continuum as the
monitoring variable

Once the optimum emission lines are selected a priori, the monitoring task involves the
measurement of the emitted light at that particular wavelength with respect to the
surrounding background level. Any variation of this ratio for a constant parameters welding
can be analyzed and related to a particular defect.
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Another possibility for defect detection is the analysis of the shape of the continuum
radiation. It has been demonstrated that this background radiation has a wavelength of
maximum emission, and this wavelength is fairly stable for a defect-free, constant-
parameters welding process. Thus, the real-time tracking of this wavelength can be an
indicator of defect formation.

The implementation of this solution is quite simple, as the only processing requirement is
the extraction of the plasma background signal from the acquired spectra. Two different
alternatives have been explored in this regard. An initial approach has been carried out by
means of a smoothing algorithm, which was already implemented in (Mirapeix et al., 2006)
to perform the background subtraction stage. The only parameter to take into account is the
size (in spectral bands) of the moving window. Modelling of the plasma background has
also been attempted by means of a low-pass filter. A frequential analysis of the welding
spectra was initially conducted to remove the contribution of the emission lines. After the
filtering process, the resulting background signal is modelled as a blackbody radiation via
the Planck function:

2hc*> 1
B =—577 @)
where T is the temperature that has to be previously obtained by means of
2.9-10°
e = 8
max T ( )

where Amax is the wavelength associated with the maximum intensity of the plasma
spectrum after the filtering process. Processing needs with this approach are much
simplified, as can be seen in Figure 5 with respect to the classical approach of Te estimation
(Mirapeix et al., 2008).
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Fig. 5. Spectroscopic processing using the estimation of the wavelength of maximum
radiation in the background signal
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The results obtained in field trials with these two continuum-based methods are presented
in section 5.

3.3 Defect detection through the RMS spectroscopic signal

Another alternative has been explored to avoid the use of the plasma emission lines. The
plasma RMS (Root Mean Square) signal is determined by considering the spectral intensity
of the plasma spectra over a specific spectral window, thus being directly related to the
process heat input and behaviour (Mirapeix et al., 2010). This approach is directly related to
other based on the use of photodiodes for process monitoring (Park et al., 2001).

The processing scheme required for this option is very simple (see Figure 6), it may allow
fast implementations independently of the particular process and material to be welded,
and the obtained results show that there is a good correlation between it and the quality
events identified on the seams.
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Fig. 6. RMS spectroscopic signal as a defect indicator

3.4 Direct defect detection by means of artificial neural networks

Finally, we propose another processing technique based on the use of artificial neural
networks (ANN) to achieve classification of defects from the raw spectra captured by the
spectrometer. This approach is an interesting solution due to the lack of a suitable
mathematical model of the welding process and when abundant experimental data is
available from the specific welding process to train the network.

However, the amount of information to process by the ANN, considering a real-time
system, could be a mayor drawback. For example, a typical spectroscopic system consists of
2048 wavelengths (number of pixels of the spectrometer’s CCD used), with an average of 50
spectra captured per second. For this reason, it would be desirable to reduce the number of
wavelengths to process, which can be done taken into account that not all the spectral lines
offer relevant information about the process.

Two techniques are proposed for the task of reducing the amount of spectral information
that feeds the ANN. The first one is the Principal Component Analysis (PCA), which
performs redundancy removal and data compression simultaneously (Workman &
Springsteen, 1998). Performing data compression implies reducing the number of required
components, as much as possible, without losing relevant information. This is accomplished
by the expression of the captured spectra in a different vectorial basis which is obtained in
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such a way that the new basis vectors are those directions of the data containing the most
relevant information. The result of the process is a smaller data set including most of the
information. Selecting a set of about 15 values, a compression rate of 99% is achieved
without significant loss of defect detection capabilities (Mirapeix et al., 2007).

The second technique is the Sequential Floating Forward Selection (SFFS) algorithm already
mentioned. One important advantage of SFFS is that the output of this algorithm is a
selection of the most discriminant wavelengths, as opposed to PCA, which gives a set of
discriminant features that cannot be associated with any particular spectral band. For this
reason, by applying SFFS to an experimental set of data from the same welding process, it is
possible to automatically select a reduced number of optimum wavelengths to monitor for
defect detection. Experiments confirm that the selected wavelengths are those of the
significant elements of the material to be welded or those of the shielding gas. In the case of
TIG welding of steel with Argon gas, for example, selected wavelengths are typically the
emission lines of Iron, Manganese and Argon. It has been demonstrated that the defect-
detection and classification capabilities are not significantly reduced even when only 10
wavelengths are supplied to the ANN (Garcia-Allende et al., 2008).

The proposed architecture for the ANN is a multilayer feed-forward network with a back-
propagation learning algorithm. Its main performance metrics is (apart from computation
efficiency for real time applications) the classification error, that is, its ability to give the
correct defect indication for a given spectrum at its input. During the training stage, spectra
of correct welds and all the possible defects have to be supplied to the neural network. In
this step the network iteratively adjusts its parameters (weights and biases) in order to
produce an output that matches the expected results. Several experiments have been
realized to determine the appropriate number of hidden layers, the number of neurons or
processing elements and the topology. ANN topologies with one and two hidden layers and
with a number of neurons in each layer from 30 to 50 have been tested. The neurons in all
layers have a log-sigmoid transfer function. Figure 7 shows the proposed architecture for an
ANN, with five outputs that signal a correct welding or four possible situations: slight lack
of penetration, severe lack of penetration, reduction of shielding gas flow and low welding
current. The capability of this approach to detect these defects has been tested
experimentally in the laboratory on TIG welding of steel plates. A better performance that
the analysis of the electronic temperature profiles for defect detection has been found
(Garcia-Allende et al., 2009a).
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Fig. 7. Architecture of a ANN to classify between four possible welding conditions that lead
to defect formation
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In summary, several techniques of spectroscopic analysis offer the possibility of real-time
automatic quality assurance of the welding process. In the next section, the implementation
of these techniques in a spectroscopic sensor system able to work in a real industrial
production environment is addressed.

4. Spectroscopic sensor implementation for production environments

A spectroscopic sensor, as described above, needs a CCD spectrometer and a processing
unit that can be placed far away from the welding point, thanks to the light transmission
capabilities of the optical fibre. The generic architecture of a spectroscopic sensor system is
shown in Figure 8.

Capturing Optics

{opticenal )

. Processing
/thlcal Fibre Unit
Welding Torch
g s

\

Spectrometer

i cco /

....... "

__gEeEs 288 LU
= HE® 4

Fig. 8. Spectroscopic sensor architecture

However, one end of the optical fibre must be located close to the generated plasma, and
this can be challenging in a real industrial scenario, due to reliability issues, heat,
projections, fumes, accessibility of the process and workplace configuration. In laser
welding this can be solved by using the optical port usually available at the laser head. In
this case, the plasma emission is co-axially captured from the plume through the focusing
lens of the laser beam. For arc welding, two non-intrusive solutions for the capture of light
have been proposed. The first one is suitable for TIG and MIG torchs, and it is based on the
embedding of the bare optical fibre tip in one of the shielding gas nozzle exits. The gas flow
has a cooling effect upon the fibre, also preventing possible weld pool projections from
interfering with the light capturing process. It has been demonstrated that, although the
fibre suffers some external deterioration due to the welding process, the fibre core remains
unaffected, and the fibre effectively collects the light even after 100 welding tests (total
welding time of 800 seconds). Measurements of the fibre transmission after several welding
processes have shown the appearance of some wavelength-dependent losses in the UV
region due to the intense plasma radiation. However, although special solarization-resistant
fibres could be used to avoid this phenomenon, the effect of these losses is not especially
relevant, as the fibres employed in our tests have proved to be suitable for plasma
spectroscopic analysis. Figure 9 shows a photograph of one embedded fibre tip in a TIG
welding torch and a microscope view of the fibre’s end before and after intensive welding
trials (Mirapeix et al., 2007a).
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Fig. 9. Optical fibre embedded in a TIG welding torch (left), and view of the fibre’s end
before and after more than 100 welding trials

The second approach has been developed specifically for orbital TIG welding of tubes to the
tubesheet of steam generators. In this case, the welding torch includes a complex mechanism
to automatically perform the orbital weld seam over the tube’s perimeter. The entire
mechanism is enclosed in a protective shield with the shielding gas, being difficult to collect
the light from the moving arc with the optical fibre. The proposed solution is depicted in
Figure 10. Two cosine correctors are placed at the end of two optical fibres (silica fibres with
a core diameter of 600pm), which are attached to the welding torch trough two holes in the
steel case. The cosine-corrector, whose difussing material is Spectralon, is a spectro-
radiometric optics designed to collect light over 180°, which is of special interest given the
moving arc. The light from the two fibres is combined with an optical 2x1 coupler and sent
to the CCD spectrometer. Although this optical setup results in some variation of the overall
collected light intensity when the electrode moves along the circular path, the relative
nature of the spectroscopic processing approach does not affect to the capability of defect
detection (Cobo et al., 2007a).

Fig. 10. Optical setup for efficient and non-invasive light capturing in the orbital TIG
welding of tubes

In the next section, the results in field trials in a production environment of the proposed
spectroscopic sensor system with the different processing approaches mentioned above are
presented.
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5. Field trials in the manufacturing process of steam generators

The above proposed techniques have been tested in the welding trials and qualification of
large steam generators for nuclear power plants, in particular, for monitoring and real time
defect detection in the tube-to-tubesheet TIG welding process in the facilities of the
company ENSA (Equipos Nucleares S.A.) in Maliafio, Spain. The INCONEL-690 tubesheet
cladding mock-ups include tubes with a diameter of 19.2 mm and a thickness of 1 mm. The
welding system is formed by a Model 227 Power Supply (Arc Machines Inc.) attached to a
Model 96 Tube-to-tubesheet automated weld head, designed to perform the required orbital
welds, as described above. The welding current was pulsed at 50Hz with a maximum of
60A. Argon and Helium where used as shielding gases, with a mixture of 40% and 60%
respectively. The electrode is made of tungsten, and the total duration of the welding
process for each tube is about 30 seconds.

The light capturing optics consists of two optical fibres (Ocean Optics P600-UV-VIS, 4
metres long) with cosine correctors, an optical coupler, and a CCD spectrometer (Ocean
Optics USB2000) with 2048 pixels and a resolution of about 0.2 nm in the range from 195 to
530nm (blue-green zone of the visible spectrum).
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Fig. 11. Detection of defects by means of the Te profile. Left: defective weld seam due to
shielding gas shortage. Right: small porosities

Due to the rare occurrence of real defects during the manufacturing process, deliberate
change of process parameters and perturbations have been produced in weld test coupons
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to simulate defects, like porosities and lack of penetration. The formation of defects has been
validated by means of PT (Penetrant Testing) procedures.

The results from the application of the different spectroscopic processing techniques
described above are presented in the rest of this section.

5.1 Defect detection using the real-time estimation of the electronic temperature of
the plasma

The spectroscopic processing technique described in section 3.1 has been tested in a
production environment with the aim of automatically detect and classify defects occurring
during the orbital welding of INCONEL-690 tubes. The example spectrum and the
electronic temperature profile of a defect-free weld seam already shown in Figure 3
correspond to these experiments. The initial and final parts of the seam have been removed
because welding current is not constant at these points. It can be seen that the value (around
12,000K) is fairly stable, an indication of a correct welding.

In Figure 11, two defects with their corresponding temperature profile are shown. To the
left, a shortage of the shielding gas starts in the middle of the seam, producing a defective
welding, which is clearly visible in the Te profile. To the right, one point of the tube’s edge
has been deliberately contaminated, resulting in a small area of porosities. The Te profile
shows a clear indication of this defect.

5.2 Defect detection by means of the optical background radiation

As described in section 3.2, the background radiation (continuum) of the plasma emission can
be analysed to obtain warnings of defect formation. The tracking of the wavelength of
maximum emission of the background radiation has also been applied to the tube-to-tubesheet
welding process. In Figure 12, a weld seam is shown with a deliberate defect: the operator
produced a perturbation in the shielding gas by blowing into the welding torch head at t ~ 24
sec. It can be seen a sudden perturbation of the wavelength of maximum background
radiation, while its value is stable when no defects are being produced. The constant variation
of the wavelength (with negative slope) shown in Figure 12 has not been observed in other
experiments with different welding processes, and a possible explanation is that the orbital
welding produces variations in the global light intensity captured along the weld seam. This
method, not being relative like the Te estimation, is more affected by this problem.
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Fig. 12. The tracking of the shape of the background radiation allows detecting defects like
perturbation in the shielding gas
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The line-to-continuum method, already presented in section 3.2, is a relative method that
also takes into account the background radiation. Figure 13 shows one of the experiments in
which porosity was formed. The upper graph shows the line-to-continuum ratio for the
spectral band of 404.14nm, corresponding to the neutral species Mn I, and previously
selected by the SFFS algorithm as a significant wavelength. However, the zone with the
porosity (red box) shows no clear indication of the defect. The lower graph, however,
corresponds to the wavelength of 422.84nm (ion Fe II) and shows a clear indication of the
defect. For that reason, it is important to have previous experimental data to determine the
best wavelengths for a particular defect.
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Fig. 13. Tracking of the line-to-continuum ratio for two selected wavelengths

5.3 RMS spectroscopic signal as a defect indicator

The real-time calculation of the Root Mean Square (RMS) of the captured spectrum is related
to the process behaviour and the heat input, as explained in section 3.3. The capability of
this technique to detect common defects has also been tested in field trials for the same
welding process (Mirapeix et al., 2010).

In Figure 14, the resulting RMS profile for a defective weld seam is shown. To the left, a
welded tube with a porosity (produced by including contamination in the tube-to-tubesheet
interface) is shown. The RMS profile shows a sharp peak associated with this porosity. In
addition, the rest of the profile shows periodic perturbations that also indicate that the
contamination was also present at that section. In Figure 14 (right), a defect was simulated
by disturbing the protection gas flow, thus provoking a clear defective section in the welded
tube. There is a correlation between the correct seam (highlighted in green) of the analyzed
section and the defective area (red), and their corresponding plasma RMS signals. While the
former has an associated plasma RMS profile without perturbations, the latter shows rapid
variations of the signal indicating the occurrence of a defect.

These experiments confirm that all the spectroscopic processing techniques are able to detect
typical defects found in the TIG welding process of tubes for steam generators. Although the
field trials have been limited to welding of INCONEL alloys, in-lab experiments with steel
plates offer the same performance. In fact, one important advantage of the spectroscopic
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method is that it is quite independent of the material and the process parameters, provided
that the material to be welded is known and appropriate emission lines are selected a priori.
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Fig. 14. The real-time calculation of the RMS value of the entire spectrum is able to detect
some defects that other methods have trouble with

6. Conclusions and future works

An optical spectroscopic method for the monitoring of welding processes has been
presented. It is based on the capture of the light emitted by thermal plasmas, which is
characteristic of the arc and laser welding process. The spectroscopic analysis of the
captured light provides rich information about the process behaviour, allowing to detect the
occurrence of defects in the weld seam. Such a sensor system consists of an optical fibre to
collect the light, a CCD spectrometer and a processing unit.

If the monitoring is to be performed in real-time, an important challenge for this approach is
how to deal with the amount of generated data, because a typical scenario involves the
capture of dozens of spectra per second, each one with thousands of spectral bands. For this
reason, several spectroscopic processing techniques that try to optimize the real-time
operation and defect-detection capabilities have been presented: an efficient computation of
the electronic temperature profile, the analysis of the background radiation, the calculation
of the RMS value of the spectrum, and the use of artificial neural networks (ANN) to
automatically detect and classify defects from the captured spectra.

Those techniques have been validated in the manufacturing of large steam generators for
nuclear power plants, in particular, the tube-to-tubesheet welding process. A solution for
non-invasive capture of light in the orbital TIG welding process has been proposed, and the
capabilities of each technique to detect typical defects in this process have been discussed.
Up to some extend, all these method were able not only to detect defects but to discriminate
between them, a capability much needed if the monitoring system is to be extended not only
to monitor but to control the process. With this approach, some defects could be prevented
in real-time.
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The later represent the main research line for future works: the use of ANN and other
techniques to improve the classification of defects in this application and the investigation of
ways to control the welding process in real-time once a possible defect is being generated.
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1. Introduction

Nuclear power plants periodically shut down for plant maintenance and refueling. During a
pressurized water reactor (PWR) plant outage, decay heat is removed by residual heat
removal (RHR) systems. The reactor coolant level temporarily needs to be kept around the
middle of the primary loop to inspect the steam generator (SG) tubes and so on. This
operation is called “mid-loop operation”. In some plants, a loss of RHR event occurred
during the mid-loop operation (USNRC, 1987, USNRC, 1990). Probabilistic safety
assessment (PSA) studies under plant shutdown conditions have been performed and they
confirmed that the loss of RHR cooling during the mid-loop operation is a relatively high
risk event for PWR plants. One of the effective methods to cool the reactor core in this event
is reflux condensation, in which water condensed in a SG flows into the reactor core through
a hot leg and cools down the reactor core as shown in Fig. 1. In the reflux condensation,
steam generated in the core and water condensed in the SG form a countercurrent flow in
the hot leg. This phenomenon limits water into the reactor vessel and affects the
performance of core cooling.

System computer codes, as typified by RELAP, employ a simplified model to a certain
extent to calculate efficiency, however, the hot leg consists of a horizontal section, elbow,
and inclined section. Hence it is unclear whether the countercurrent flow in the hot leg can
be well predicted or not. To improve reliability of the transient analysis, we need to
understand and model the countercurrent flow in the hot leg.

A number of experiments have been made about the countercurrent flow in the hot leg
(Richter et al., 1978, Ohnuki, 1986, Ohnuki et al., 1988, Mayinger et al., 1993, Wongwises,
1996, Navarro, 2005), observations of detailed flow patterns in the hot leg, however, have
not been reported. On the other hand, numerical simulations are a realistic way to evaluate
the flow, because it is difficult to check the flow pattern in the actual PWR hot leg. Few
examples of numerical simulations have been reported, however.

Our objectives in this study were to clarify the flow pattern and dominant factors of the
countercurrent flow and to develop the flow model which improves the reliability of the
transient analysis. At first, we carried out air-water experiments with a scale model of the
actual PWR hot leg. We used two types of small scale PWR hot legs. One was a 1/5th scale
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rectangular duct (Minami et al., 2008a), and the other was a 1/15th scale circular pipe
(Minami et al., 2010a). Then we carried out numerical simulations of these small scale
experiments to investigate flow pattern and CCFL characteristics (Minami et al., 2008b and
2010b). We used a three-dimensional two-fluid model to evaluate the capability of
predicting countercurrent flow in the hot leg.

Main steam
relief valve

Pressurizer

o

Reactor Vessel

Steam
—
Hot le
¢ Condensed
water

Fig. 1. Schematic view of reflux condensation

2. Experiments

The gas-liquid two-phase flow is complex because the gas-liquid interface takes various
geometric configurations and it changes with time. It is, therefore, important to grasp the
interfacial behavior. Hence we carried out air-water experiments with a rectangular duct.
We chose the rectangular duct because observing the countercurrent flow and following the
interface are easy in this duct. Then we carried out experiments with a circular pipe having
a configuration geometrically similar to the actual hot leg.

2.1 Experimental setup

Figure 2 shows schematic view of the experimental setup. It consists of the upper tank,
which corresponds to the inlet plenum of the SG, the hot leg, the lower tank, which
corresponds to the upper plenum of the reactor vessel, the reservoir, and the air and water
supply systems. Tap water at room temperature is pumped to the upper tank through a
flow meter. Air is supplied from a compressor and flows into the lower tank through a
regulator and a flow meter. When CCFL occurs in the hot leg, some of the water overflows
the upper tank and drains into the reservoir.
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Fig. 2. Schematic view of experimental setup

2.1.1 1/5-scale rectangular duct

Figure 3 shows the test section of the 1/5-scale rectangular duct, which is made of
transparent acrylic resin to allow easy observation of countercurrent flow. The height is
about 1/5th that of the pipe diameter of an actual PWR hot leg. The inclination of the
inclined pipe is 50°.

Inclined section | 345

Horizontal section

30 R240 315
174
175 |T 150 ° @6
1240 202
1000
1740

50" elbow

Fig. 3. Test section of 1/5th rectangular duct (unit: mm)
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2.1.2 1/15-scale circular pipe

The equipment used is the same as for the rectangular duct setup (Fig. 2). Figure 4 shows
the test section of the 1/15-scale circular pipe. The hot leg consists of the horizontal section,
elbow section, inclined section, and is made of transparent acrylic resign. The configuration
is geometrically similar to the actual PWR hot leg, while the size is 1/15th. Hence the inner
diameter D is 50 mm. The inclination of the inclined pipe is 50°.

200
. 110 300
10 105
o 58{“’1 {050 225
! | 430 67
50° elbow

Fig. 4. Test section of 1/15th circular pipe (unit: mm)

2.2 Experimental method

2.2.1 Flow patterns

Observation of flow patterns in the horizontal section, the elbow section, and the inclined
section was done by keeping the supplied water flow rate Qr; constant. The air volumetric
flux in the hot leg Jc was gradually increased until water ceased to flow into the lower tank
(=Qr of water flow rate into the lower tank equal to zero). Flow patterns were also observed
by decreasing the air volumetric flux to examine if there was any hysteresis in them. A hi-
vision video camera (SONY, HDR-FX1) and high speed camera (Redlake, HS-1) were used
to record flow patterns.

2.2.2 CCFL characteristics

In the experiments, Qri» and Jg, were changed, and the relationships between | of the
volumetric flux of the water flow into the lower tank and ¢ were obtained. CCFL data were
plotted on the Wallis diagram to fit them with the Wallis correlation (Wallis, 1969), which is
the most widely used correlation for CCFL characteristics,

]c*l/z + m]L*l/z =C D

where m and C are empirical constants depending on fluid type and channel geometry. Jx*
(k=G, L) is dimensionless flux and defined as follows.

1/2
*: pk k=
J Jk{—g_D(pL_pG)} /(k=GL) @)

where p is density, g is gravity acceleration, and D is diameter of a pipe.
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2.3 Experimental results of 1/5th rectangular duct
2.3.1 Flow patterns
Flow patterns could be classified into the following three regimes.

(A) Stratified flow

At low Jg, the gas and liquid phase was stratified in all sections of the hot leg. Few waves
were observed in the horizontal section. Figures 5-7 show typical images of the stratified
flows in the horizontal, elbow and inclined sections, respectively. Injected water formed a
thin water film at the bottom of the flow channel and sped up in the inclined and elbow
sections. Water slowed down in the horizontal section and a hydraulic jump occurred due to
the transition from supercritical flow to subcritical flow. The onset of a hydraulic jump in
the flow channel depended on Qrix and Jc. At high Jg, the hydraulic jump appeared near the
elbow. Under the stratified condition in this study, the hydraulic jump always appeared.

Fig. 6. Typical image of stratified flow in the elbow section (Qri»=51/min, Jc=4.3 m/s)

&

Fig. 7. Typical image of stratified flow in the inclined section (Qr#»=51/min, Jc=4.3 m/s)
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(B) Wavy flow

As Jg increased, the gas-liquid interface started to ruffle, and the flow pattern transited from
stratified to wavy flow.

Figures 8(I) and (II) show images of wavy flows in the horizontal section. The onset point of
wave depended on Qpix. At low Qrin, the wave appeared near the air inlet, then grew up and
transferred toward the elbow section, as shown in Fig. 8(I). On the other hand, at high Qi
an unstable interface formed in the horizontal section near the elbow, and disturbance wave
occurred there, as shown in Fig. 8(I). Under the condition that the wavy flow formed in the
horizontal section, the wavy flow also formed in the elbow section due to inflow of wave
generated in the horizontal section. In the bottom region, a circulation flow of water with
bubble and droplet formed. In the upper region of the elbow, it was stratified flow with a
thin water film (in other words, the wavy flow was not observed in the inclined section).
Figure 9 shows the typical image of wavy flows in the elbow section.

(I) QLin=3 l/min, ]G =6.6 m/s (H) QLin=10 l/min, ]G =4.6 m/s

Fig. 8. Typical images of wavy flow in the horizontal section

(C) Wavy-mist flow

With further increase in Jg, air velocity became high near the wave peak which finally broke
up. Some injected water returned to the upper tank which overflowed. This flow pattern is
referred to as wavy-mist flow. Figure 10 shows a typical image of wavy-mist flow in the
horizontal section. For wavy-mist flow, mist occurred at the elbow side while wavy flow
occurred at the lower tank side. In the elbow and inclined sections, the wavy-mist flow also
formed due to inflow of mist generated in the horizontal section. Figures 11 and 12 show
typical images of wavy-mist flow in the elbow and inclined sections, respectively. A
circulation flow with large disturbance waves formed in the liquid phase when the large
wave occurred in the horizontal section. The circulation flow with large disturbance waves
involved bubbles in the water flow.
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When Jc was more than 10.8 m/s, zero water penetration with no flow to the lower tank was
achieved. At that time wavy-mist flow formed near the elbow, while wavy flow formed near
the lower tank. In addition, a liquid phase leading edge moved to the elbow side with the
increase in the air velocity. Figure 13 shows a typical image.

When J; was more than 21.3 m/s, no water was in the horizontal section, as shown in Fig.
14.

Fig. 10. Typical image of wavy-mist flow in the horizontal section (Qr»=51/min, Jc=9.0 m/s)
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Fig. 11. Typical images of wavy-mist flow in the elbow section (Qr»=51/min, [c=9.0 m/s)

- R, e

Fig. 12. Typical images of wavy-mist flow in the inclined section (Qr#»=5 1/min, Jc=9.0 m/s)
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Fig. 13. Typical image of zero water penetration in the horizontal section
(QLin=51/min, Jc=10.8 m/s)

Fig. 14. Typical image of dry condition in the horizontal section (Qr:»=51/min, Jc=21.3 m/s)

2.3.2 Flow pattern map

Figure 15 shows the flow pattern maps in the horizontal, elbow and inclined sections,
respectively. In the horizontal section, as ] increased for a given Qpis, the flow pattern
changed from stratified flow to wavy flow, and then wavy to wavy-mist flow. After
transition to wavy-mist flow, water flow into the lower tank through the horizontal section
started to be restricted. Further increase in Jg caused zero water penetration at Jc=10.8 m/s
and finally no water was present in the horizontal section for Jc>21.3 m/s. Flow pattern
transition from stratified flow to wavy flow and wavy to wavy-mist flow occurred at low Jg
condition when Qp;, was large. This was because higher Qr;, led to a large water depth and
narrow air flow area, and local air velocity increased. On the other hand, J; at the transition
to zero water penetration did not depend on Q.

In the elbow section, as ] increased, the transition to wavy flow began due to the intrusion
of wavy flow generated in the horizontal section. Therefore, | at the transition was almost
the same as that in the horizontal section. Further increase in Jg caused flow pattern
transition to wavy-mist flow due to droplets breaking from the peaks of the waves.

In the inclined section, when water accumulated in the upper tank and overflow occurred,
the flow pattern changed from stratified flow to wavy-mist flow without the appearance of
wavy flow. Flow patterns in the elbow and inclined sections were strongly affected by those
in the horizontal section.

2.3.3 CCFL characteristics

Figure 16 plots experimental results for the relationship between g5 and Jr0°. In this
figure, the duct height of this study was used for D in Eq. (2). There was a linear relationship
between Jg05 and J;"05. CCFL characteristics did not depend on Qriy, and CCFL constants
were m=0.67 and C=0.56 in Eq. (1).
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Fig. 15. Flow pattern maps
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Fig. 16. CCFL characteristics

2.3.4 Relationship between CCFL characteristics and flow pattern transition

Figure 17 shows the relationship between CCFL characteristics and flow pattern transitions.
The flow pattern transitioned from stratified to wavy flow and wavy to wavy-mist flow
showed a linear relationship. The transition line from wavy flow to wavy-mist flow agreed
well with the CCFL correlation.

06— 17—

0.1 F —— CCFL correlation (m=0.67, C=0.56)
® Wavy to wavy-mist flow ]
o] IStratifield to walvy flow |

s s | s
0 014 02 03 04 05 0.6
JL*1/2

Fig. 17. Relationship between CCFL and flow pattern transitions
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2.4 Experimental results of 1/15th circular pipe
2.4.1 Flow patterns
Flow patterns could be classified into the following four regimes.

(A) Stratified flow

At low Jg, the gas and liquid phases were separated in all sections of the hot leg as shown in
Fig. 18. In this regime, supplied water was not limited and all the water flowed into the
lower tank. The hydraulic jump observed in the rectangular test was not observed. This
should be considered due to the water not being enough acceleration to achieve supercritical
flow.

Fig. 18. Stratified flow Qr;»=201/min, Jc=4.3 m/s (increasing Jc)
(B) Wavy(+) flow

As Jg increased, the supplied water accumulated in the upper tank and covered the junction
of the hot leg and the upper tank. The air penetrated the liquid phase intermittently. Hence
the gas-liquid interface fluctuated at the junction, and some of the supplied water flowed
back into the reservoir, that is, CCFL took place at the upper end of the inclined section. In
this condition, waves that formed in all sections of the hot leg were caused by this
fluctuation. Taking the direction from the upper tank to the lower tank as the positive
direction, then the sign of the wave velocity is positive. This flow pattern is referred to as
wavy(+) flow. A typical image of this condition is shown in Fig. 19.

Fig. 19. Wavy(+) flow Q1;»=201/min, [c=4.8 m/s (increasing Jc)
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(C) Wavy(-) flow

Further increase in Jc caused flow disturbance in the hot leg. When wave height was high,
the flow pattern in the horizontal section immediately changed to wavy flow with a
negative wave velocity. This flow pattern is referred to as wavy(-) flow. Figure 20 shows a
typical image. A mist occurred in the elbow side in the horizontal section. In the elbow and
inclined section, annular-mist flow, in which the liquid phase reached the upper wall of the
pipe and entrained upward, was observed. This was due to the intrusion of the waves with
breaking of droplets generated in the horizontal section. Circulation of water with bubbles
and droplets was formed. The flow in the elbow and the inclined section strongly fluctuated.

Fig. 20. Wavy(-) flow Qr;,=201/min, Jc=6.5 m/s (increasing Jc)
(D) Oscillatory flow

As Jg decreased from the negative wavy flow condition, the injected air did not penetrate
the liquid phase in the upper tank and oscillatory flow (Fig. 21) was observed. The flow
patterns in the elbow and the inclined section were also oscillatory flow.

Fig. 21. Oscillatory flow Q=20 1/min, Jc=0.65 m/s (decreasing Jc)
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2.4.2 Flow pattern map

Flow pattern maps obtained by increasing Jc and decreasing ¢ are shown in Figs. 22(a) and
(b), respectively. There was a large difference in the two maps. When Qr;, was high (> 15
1/min), the junction of the hot leg and the upper tank was covered with the air-water
mixture as Jg increased. Thus the flow pattern transited from stratified flow to wavy(+) flow.
Further increase in Jg caused the flow pattern transition to wavy(-) flow in the horizontal
section. On the other hand, when Qri, was low (< 151/min), air and water were separated at
the junction of the hot leg and the upper tank. Hence the stratified flow was kept for J¢c < 8
m/s. At Jc=8 m/s, the flow pattern directly transited from stratified flow to wavy(-) flow in
the horizontal section and to annular-mist flow in the elbow and inclined section.

10
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(a) Increasing Jg
10
8
@ 6
£
© 4
2
Stratified : |
0 - . ~ Oscillatory
0 10 17520 30
Qyin [I/min]
(b) Decreasing Jo

Fig. 22. Flow pattern maps
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In this condition, water ceased to flow into the lower tank. The flow pattern transition to
annular-mist flow took place simultaneously with the flow pattern transition to wavy(-)
flow in the horizontal section. This was due to the intrusion of waves generated in the
horizontal section into the elbow. Flow patterns in the elbow and the inclined section were,
therefore, strongly affected by those in the horizontal section. The transition from wavy(-) to
stratified flows when decreasing Jc took place at a lower Jg than the transition from
stratified to wavy flows when increasing Jc. That is, there was a hysteresis in the flow
pattern transition. In the case of Qriy > 17.5 1/min, the flow pattern in the whole hot leg
transited to oscillatory flow as ] decreased. It should be noted that (a) the amount of water
accumulation in the upper tank has nothing to do with the hysteresis appearing in the hot
leg, and (b) the same kind of hysteresis in flow patterns has also been observed in
countercurrent flows in a vertical pipe (Hewitt & Wallis, 1963).

2.4.3 CCFL characteristics

Figure 23(a) shows the CCFL characteristics at Qrix = 10, 20 and 30 1/min. The CCFL
characteristics obtained by increasing J¢* differed from those obtained by decreasing Jc". In
the case of Qrix = 20 1/min (as the base case), as ] gradually increased, CCFL first occurred
at the upper end of the inclined section and the flow pattern transited to wavy(+) flow. As
J¢" increased, the flow pattern in the horizontal section transited from wavy(+) to wavy(-)
flows. In this condition, CCFL occurred in the horizontal section. When this transition
occurred, Ji* decreased abruptly by a slight increase in Jc*. When the water height was high
due to overlapping of these waves, waves were pushed back toward the upward direction
(Fig. 23(b)), and the flow pattern transited to wavy(-) flow.

When Jc" decreased, the flow remained as wavy(-) flow. When the flow pattern in the
horizontal section was wavy(-) flow, CCFL characteristics showed a linear relationship.
Though the values of J¢1/2 in Figs. 23(a)(I) and (II) were the same, the flow in (II) was more
restricted than that in (I). This was due to the difference in the flow pattern in the horizontal
section. Hence, the CCFL characteristics were closely related with the flow patterns.

In the case of Qrin = 10 1/min, as Jg increased, the flow pattern in the horizontal section
suddenly transited from stratified to wavy flow. A typical image of this transition is shown
in Fig. 23(c). This transition was due to the wave generated in the gas inlet. In this case,
wavy(+) flow did not appear because the water did not cover the junction at any Jc. After
this transition, no water flowed into the lower tank at J¢*1/2 = 0.62. The CCFL characteristics
obtained by decreasing J; agreed well with those in the case of Qpi, =20 1/min.

In the case of Qri; = 30 I/min, the junction of the hot leg and the upper tank was covered
with the supplied water at Jc*1/2= 0. For ] s*1/2 > 0.3, CCFL took place at the upper end of the
inclined section, for which the CCFL characteristics followed the linear relationship between
Jc*/2 and [1*1/2. [c*1/2 was decreased from 0.6 to 0.2, the flow pattern in the horizontal
section was wavy(-) flow and the CCFL characteristics agreed well with those in the case of
Quin = 20. For Jc* < 0.2, the flow pattern in the horizontal section transited from wavy(-) to
oscillatory flow, and the CCFL characteristics at Jg*1/2 = 0.16 disagreed with the Wallis
correlation.

The CCFL characteristics obtained by increasing Jc depended on Qpi,. This was because
CCFL at the junction was affected by the water level in the upper tank which depends on
Qrin. It should be noted that the water level in the upper tank might relate to the dimensions
of the inlet plenum of the upper tank. On the other hand, the CCFL characteristics obtained
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by decreasing Jc did not depend on Q. This was because CCFL occurred at the horizontal
section and it depended not on Qr, but on J.
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Fig. 23. Relationship between CCFL characteristics and flow patterns

Figure 24 shows CCFL characteristics in the case with decreasing Jc. The boundary between
wavy(-) flow and stratified flow agreed well with the CCFL characteristics. This result
indicated that CCFL characteristics were closely related with the flow patterns in the hot leg
and that the onset of deflooding or the flow pattern transition line agreed with the CCFL
line.

Figure 24 also compares CCFL data in the literature (Ohnuki, 1986, Mayinger et al., 1993)
and the present study. Ohnuki (1986) examined the countercurrent flow using air-water and
saturated steam-water systems with a 0.6 m length 45° inclined pipe and a 0.3 m length
horizontal pipe with the inner diameter of 0.051 m, and a 0.6 m length 45° inclined pipe and
a 0.4 m length horizontal pipe with the inner diameter of 0.076 m, in order to investigate the
effects of length-to-diameter ratio in the horizontal pipe, the shape of the upper exit of the
inclined riser, and the length of the inclined riser. Mayinger (1993) used a full-scale
apparatus simulating the hot leg. Test conditions in these studies are summarized in Table 1.
Though all the hot legs were of different sizes and fluid properties, these data were very
close together.

Length of the

. Inner horizontal Angle of Working fluid
diameter[m] . elbow [deg]
section [m]

This study 0.050 043 50 Air-water
Mayinger et al.(1993) 0.75 7.20 50 Steam-water

1) 0.051 0.30 45 Air-water

. 2) 0.051 0.30 45 Steam-water

Ohnuki (1986)  {

nuki (1986) 5 0.076 0.40 45 Air-water

4) 0.076 0.40 45 Steam-water

Table 1. Test conditions
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Fig. 24. Comparison with previous CCFL data

3. Numerical calculations

We carried out three-dimensional calculations of the scale model of the PWR hot legs
mentioned in section 2 to examine the feasibility of predicting these complicated flow
patterns and CCFL characteristics in the hot leg using a standard two-fluid model.

3.1 Numerical method

In numerical calculations, we adopted the two-fluid model and the k-¢ model in the CFD
code, FLUENT®6.3.26. Correlations for interfacial friction coefficients are required when
applying the code to a two-phase flow of concern. The interfacial friction force F; in the
momentum equation is defined by:

F = %CDaipG|ur|ur ’ 3
where u, is the relative velocity between the gas and liquid phases, and 4; is the interfacial
area concentration. The interfacial friction coefficient, Cpa;, applicable to three-dimensional
simulations has not been established. We therefore tested various combinations of
correlations developed for a one-dimensional two-fluid model. Then we selected a
combination of correlations which gave the best agreement with the experiments. The
resulting combination is given by

Cpa,; =min[(CDai)B,max{(CDai)s,(CDai)A}J , 4

(CDai)B :2a(1—a)g/VG2], ©)
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(Com), =9.8(1 —a)3(4£“], ©6)
(Cot), =0.02{1+75(1-a)}a" /D,, @)

where a is the void fraction, V; is the drift velocity of the gas phase and D}, is the hydraulic
diameter. Equations (5), (6) and (7) are for low (Minato et al., 2000), intermediate (Ishii &
Mishima, 1984) and high (Wallis, 1969) void fraction regions, respectively. The drift velocity
is given by (Kataoka et al., 1987):

1/4
. {1.4_0.4634)(_100()}(&2 )0,125 {M} 8)
PrL
where
( 3 ) 1/2
D, =D, {M} / i
o

and o is the surface tension. The following simplified form of Eq. (8) was used in the present
simulations:

2

1/4

0125 | go (o, — P,

v, =14(D;) {%} . (10)
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3.2 Computational grid

We carried out three-dimensional simulations using a computational domain including the
lower and upper tanks to avoid uncertainties in the inlet and outlet boundary conditions
and to accurately evaluate the wall friction.

3.2.1 1/5th-scale rectangular duct

Figure 25 shows the computational grid. Air was supplied into the lower tank through the
air-inlet pipe at a constant velocity. Water was supplied from the bottom of the upper tank
at a constant velocity. J; was calculated from the increasing rate of the mass of water in the
lower tank. When CCFL occurred in the hot leg, some water overflowed the upper tank and
flowed out through the mixture outlet. The pressure at the mixture outlet was set constant.
The hot leg was a rectangular cross section (10 mm wide and 150 mm high). The height was
about 1/5th of the pipe diameter of an actual PWR hot leg. The inclination of the inclined
pipe was 50°. The geometry was the same as the experiment for the rectangular duct. Hence
the total number of cells was about 140,000.

3.2.2 1/15th-scale circular pipe

Figure 26 shows the computational grid. The size was the same as that of the 1/15-scale
model. Air was supplied into the lower tank through the air-inlet pipe at a constant velocity.
Water was supplied from the bottom of the upper tank at a constant velocity. Unlike the
tests, water was supplied from all over the bottom to minimize external influence.
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Calculations were done for Qpi, = 10- 30 1/min. The air velocity was increased until J; = 0
and decreased. The total number of cells was about 70,000 except Qri» = 10 1/min. There was
a possibility that the flow in the hot leg was not simulated faithfully due to the rough size of
the simulation cells, especially where the water depth was shallow. This was because the
sizes of cells affected simulations of water accumulation at the gas inlet. Hence, we used the
fine mesh at Qri;, =10 1/min and the total number of cells was about 120,000.

Lower tank 176

[ELIRLIRTIARTAT
)

Air inlet
=)

Water \ixture
inlet oytlet

Uppor tank

Normal mesh

Fine mesh

Cross section of hot leg
Water inlet ©  Mixture outlet

Fig. 26. Computational grid with 1/15th-scale circular pipe (unit : mm)
3.3 Calculation results

3.3.1 1/5th-scale rectangular duct
The aim of this calculation was to predict the wavy-mist flow observed in the experiments.
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Figure 27 shows the predicted flow pattern after achieving the quasi-steady state. Flooding
occurred in the hot leg. The liquid phase dropped from the upper tank and accumulated
near the elbow in the horizontal section. Then the wave formed and was blown up to the
upper tank. The predicted flow pattern could reproduce the wavy-mist flow in the
experiments. To predict the flow pattern in the experiment, it is important to simulate the
hot leg including the upper tank and the lower tank faithfully.

Liquid volume fraction
0.0 0.25 0.5 0.75 1.0

Fig. 27. Predicted flow pattern (Qri, = 36 1/min, Jc = 9.5 m/s)
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Fig. 28. Comparison between the predicted and measured flow patterns (Qri» = 20 1/min)

3.3.2 1/15th-scale circular pipe
Figure 28 compares predicted and measured flow patterns at Quiy = 20 1/min. In the
simulation, at low ], a stratified flow was calculated in all sections of the hot leg as shown
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in (i). As Jc increased, fluctuation of flow took place at the junction of the hot leg and the
upper tank as shown in (ii). At J¢c = 6.5 m/s as shown in (iii), the flow pattern near the elbow
in the horizontal section was a wavy flow, whereas it was a wavy-mist flow in the elbow
and the inclined section. When we decreased ¢ from 6.5 m/s, the flow pattern remained
unchanged even though Jc was the same as in (ii). These flow behaviors were almost the
same as the observed flow patterns as shown in (I) to (IV).

Figure 29 shows a comparison between calculated and measured CCFL characteristics at
Quin =10, 20 and 30 1/ min. At Qp;, = 10, 20 1/min, the calculated CCFL characteristics agreed
well with the measured data. On the other hand, at Qi = 30 1/min, J.* in the simulation
resulted in underestimation of J.* in the test at low J¢* This was due to a large difference
between the measured and the predicted flow patterns at the junction of the hot leg and the
upper tank. In the simulation, the flow was calm, whereas the flow fluctuated at the junction
as shown for the measured data (Fig. 29(b)).
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Fig. 29. Comparison between the calculated and measured CCFL data.

4. Conclusions

The objectives of this study were to clarify the flow patterns and dominant factors of

countercurrent flow and to develop the flow model which improves the reliability of

transient analysis. Results of experiments and numerical simulations for countercurrent
flow in a PWR hot leg under reflux condensation were summarized, and the following
conclusions were obtained.

i.  The effects of gas and water flow rate on the flow patterns in the hot leg were clarified.
Flow patterns in the elbow and the inclined section were strongly affected by those in
the horizontal section.

ii. The flow patterns were closely related to the CCFL characteristics.

iii. The calculation results of scale model experiments agreed well with the measured data
using an appropriate set of correlations for interfacial friction coefficient.

The combination of calculation model and interfacial friction coefficients used in this study

can predict the countercurrent flow in a hot leg qualitatively and quantitatively.
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1. Introduction

Under mid-loop operation during a PWR (pressurized water reactor) plant outage, reflux
condensation in the SG (steam generator) U-tubes can be one of the major heat removal
mechanisms in a hypothetical loss-of-RHR (residual heat removal systems) event. In mid-
loop operation, the reactor coolant level is kept around the hot leg nozzle center and non-
condensable gas (air or nitrogen) is present in the reactor coolant system (RCS). Such non-
condensable gases are well known to accumulate on the condensation heat transfer surface
and consequently inhibit steam from condensing. Therefore, in order to evaluate the
effectiveness of reflux condensation in the SG U-tubes, the condensation heat transfer
characteristics in the presence of a non-condensable gas must be clarified.

In the riser section of the SG U-tubes, the steam and non-condensable gas mixture and
liquid condensate form countercurrent flow. A model for the influence of non-condensable
gas on condensation was developed by Nithianandan et al. (1986) for the RELAP5/MOD2
code, based on an analogy between mass and heat transfers. However, the model was not
well validated for countercurrent flow conditions while the condensation heat transfer
coefficients in the presence of a non-condensable gas have been measured in many
experiments, they have been measured very few times in countercurrent flow. Moon et al.
(2000) measured the condensation heat transfer coefficients of steam-air mixtures in
countercurrent flow, and proposed an empirical correlation as a degradation factor to the
heat transfer coefficient of pure steam. Meanwhile Chun et al. (2001) placed a condenser
tube bundle in a water pool and improved the empirical correlation by Moon et al. (2000).
However, the correlations are limited to turbulent conditions of gas flow and when applied
to laminar flow conditions, they overestimate the heat transfer coefficient.

Therefore, in our study, we carried out condensation heat transfer experiments in the
presence of a non-condensable gas in a collaborative study at Purdue University (Vierow et
al., 2003) and derived an empirical correlation mainly for laminar flow (Nagae et al., 2005).
Moreover we conducted additional condensation heat transfer experiments, especially at
high flow rates of a non-condensable gas, and improved the empirical correlation for
turbulent flow conditions (Nagae et al., 2007a). In this article, we summarize the major
results.
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Using the BETHSY facility, which was a scale-model of a three-loop PWR, Noel & Deruaz
(1994) and Noel & Dumont (1997) conducted reflux condensation tests. Different flow
patterns were observed in the 34 U-tubes in the tests 7.2c with nitrogen injection (Noel &
Deruaz, 1994), but were not observed in the tests 10.2 with helium injection (Noel &
Dumont, 1997). In the test 7.2c-1.3 for example, an active condensation zone developed in
the up-flow side of 21 U-tubes (active U-tubes), but nitrogen reverse flow from the outlet
plenum to the inlet plenum occurred in some U-tubes (passive U-tubes).

In our study, we calculated steady-state flow patterns in U-tubes for the BETHSY tests 7.2c
by one-dimensional analyses (Murase & Nagae, 2005) using a parallel channel model and
the old correlation for condensation heat transfer coefficients by Nagae et al. (2005). In the
steam-nitrogen mixture, density head is higher in the cold-side of active U-tubes than in the
hot-side. In the region of low steam flow rates with small friction loss, the pressure becomes
higher in the outlet plenum than in the inlet plenum, and nitrogen flows from the outlet
plenum to the inlet plenum in passive U-tubes. About 10 solutions with different numbers
of active U-tubes were obtained in our calculations. Using the assumption that the flow
might be most stable in the case with the maximum nitrogen recirculation flow rate, we
could obtain a unique solution for the number of active U-tubes, and the estimated number
of active U-tubes agreed well with the BETHSY test results.

We also calculated different flow patterns in U-tubes (Nagae et al., 2007b) observed in the
reflux condensation tests 7.2c by the BETHSY facility using the RELAP5/MOD3.2 code
(The RELAP5 Development Team, 1995), where the improved correlation by Nagae et al.
(2007a) for condensation heat transfer coefficients were applied. With modification of the
equation for the interfacial and wall friction coefficients, nitrogen reverse flow was
successfully calculated by RELAP5/MOD3.2, where SG U-tubes were modeled with two
parallel flow channels. There were many solutions with different numbers of active U-
tubes with condensation and the predicted number of active U-tubes agreed rather well
with the measured values based on the assumption that the flow might be most stable in
the case with the maximum nitrogen recirculation flow rate. In the calculations, however,
the wvalidity of the assumption has not been confirmed. Therefore, using
RELAP5/MOD3.2 we calculated using three flow channels in order to change the flow
area of active and passive U-tubes rather smoothly, and we evaluated the number of
active U-tubes without the assumption (Minami et al., 2008). The ratio of active U-tubes
calculated with three flow channels gave a good prediction of the ratio of active U-tubes.
The results indicate the validity of the assumption that flow with the maximum nitrogen
recirculation flow rate may be most stable and appear most probably among different
numbers of active U-tubes. In this article, we also summarize the methods to predict the
ratio of active U-tubes.

2. Heat transfer in the presence of non-condensable gas

In order to evaluate reflux condensation heat transfer characteristics in SG U-tubes in the
presence of a non-condensable gas, experiments were conducted for condensation heat
transfer of steam-air mixture under countercurrent flow in a vertical tube having an inside
diameter of 19.3 mm and with pressure range from 0.1 to 0.4 MPa (Nagae et al., 2005 &
2007a).
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2.1 Measurement methods

The design and manufacture of the experimental facility, experimental measurements, and
data processing were done at Purdue University (Vierow et al., 2003). Figure 1 shows the
experimental setup. Its main component was a vertical, double-pipe heat exchanger made of
Type 304 stainless steel (SUS 304). The inner tube was the heat transfer tube with an inside
diameter of 19.3 mm, wall thickness of 3.04 mm and a heat transfer length of 1.8 m. The
mixture of steam and air flowed into the tube from the lower plenum. The coolant water
flowed along the outer surface of the heat transfer tube.
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Fig. 1. Experimental setup (Vierow et al., 2003)

To obtain the condensation heat transfer coefficient under steady state conditions, the
steam-air mixture temperature, outer wall temperature of the heat transfer tube, and coolant
water bulk temperature were measured at nine elevations along the experimental section.
The experimental conditions are listed in Table 1. The pressure, inlet steam mass flow rate,
and air mass flow rate at the inlet of the test section were varied to examine their influence
on the condensation heat transfer coefficient. The pressure and steam flow rate were
selected based on the values presumed in the loss-of-RHR event during mid-loop operation.
One objective of the experiment was to obtain a database under laminar and turbulent flow
conditions.
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Pressure (MPa) 0.1 0.2 0.4
Inlet conditions
Steam mass flow rate (g/s) 0.49-1.9 1.1-1.9 0.48-1.9
Air mass flow rate (g/s) 0.03-0.18 0.06-0.5 0.06-0.8

Reynolds number of mixture 2900-10000 | 6500-10000 3100-9500

Measured regions

Steam mass flow rate (g/s) 0.00031-1.9 | 0.00039-1.9 0.00020-1.9
Partial pressure ratio, Psan/ Pair | 0.027-120 0.012-47 0.0054-49
Reynolds number of mixture 73-10000 210-10000 210-9500

Table 1. Experimental conditions

In the experiment, the temperature of the steam-air mixture, T,, and the outer wall
temperature of the heat transfer tube, Ty, were measured, and the heat flux at the inner
surface of the heat transfer tube, q" , and the overall heat transfer coefficient, K, were defined
by the following equations:

q”:K(Tg _Tw,u) (1)
1T ln(ru,,o/rw/i) +l )
K 2, h,

where r,,; is the inner radius of the heat transfer tube, 7y, is the radius of the thermocouple
location to measure outer wall temperature of the heat transfer tube, A, is the thermal
conductivity of the heat transfer tube, and . is the condensation heat transfer coefficient.
The first term on the right hand side of Eq. (2) can be calculated from the dimensions and
physical properties of the heat transfer tube. Accordingly, the condensation heat transfer
coefficient, &, can be calculated once the heat flux is known.

From the coolant temperature variation, the mean heat flux q” between the measured
sections in Eq. (1) can be calculated. Since the coolant temperature variation is small in the
downstream region of the heat transfer tube, where both the condensation rate and
measurement accuracy are low, the mean heat flux between the measured sections is
calculated from the temperature variation of the steam-air mixture. Temperature
measurements provide the local saturation pressure, and the steam mass flow rate can be
calculated from the partial pressure of steam, Pgean (1), assuming a Gibbs-Dalton mixture of
steam and an ideal non-condensable gas. Then the local heat flux can be obtained (for
details, see Nagae et al., 2005 & 2007a).

In Eq. (2), the condensation heat transfer coefficient consists of the heat transfer coefficient of
the liquid film, /5, and the heat transfer coefficient at the gas-liquid interface, /;, which are
separately evaluated in this study, because they are different heat transfer mechanisms.
When the effects of the liquid film subcooling and the liquid film thickness on the gas-liquid
interface area can be neglected, the condensation heat transfer coefficient is expressed by:

1 1 1
1 1.1 3
hon o h ®
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According to the calculations, the subcool enthalpy of the liquid film is about 3% of the
condensation enthalpy, and the gas-liquid interface area is about 99% of the inner surface
area of the heat transfer tube under the experimental conditions. In Eq. (3), the heat transfer
coefficient of the liquid film, /i, can be calculated by Nusselt’s film condensation theory or
an empirical correlation for a turbulent film such as the correlation modified by McAdams
(1954), which we use in this study. Then, the interfacial heat transfer coefficient, ; is
obtained from the measured condensation heat transfer coefficient, k..

2.2 Interfacial heat transfer coefficients

Important parameters for the interfacial heat transfer coefficients, h;, are properties of a non-
condensable gas and gas velocity. The effects of a non-condensable gas were evaluated by
Nagae et al. (2005), and mass flow ratio of (Wstean /Whair) and pressure ratio of (Psteam / Pair)
gave similar results. In the transient analysis, mass flow rates sometimes fluctuate and
pressures are more stable than mass flow rates. Therefore the pressure ratio of (Pstean / Pair) is
adopted in this study. As for gas velocity, steam Reynolds number gave better results than
steam-air mixture Reynolds number for limited data (Nagae et al., 2005). However, steam
Reynolds number is not suitable for the additional data (Nagae et al., 2007a). Therefore, the
empirical correlation for the interfacial heat transfer coefficient was reevaluated using the
Reynolds number of the steam-air mixture, Re;. The same function of (Psteam /Pair)?7 for
laminar flow (Nagae et al., 2005) is used for turbulent flow, and the constants a and
exponent b for Re; are determined by the least mean square method. The modified empirical
correlation by Nagae et al. (2007a) is as follows:

I’Z d P 0.75
Nu, =41 =120 (*—] max(1.0,aRe,") ()

ﬂg

air

‘ ydw i
with Re, =77 <10,000, 2 = 0.0035, b = 0.8,
v
8
where j, is the superficial velocity of the steam-air mixture and v, is the viscosity of the
steam-air mixture. In order to apply Eq. (4) to the transient analysis codes, where empirical
correlations are often used beyond their application limits, the following limits are

suggested:

hd, . id
Nuy==-24>436, 0.0054 < Lum <199, Re, =251 < 10,000, )

4 air Ug

where the lower limit of the Nusselt number corresponds to the heat transfer of a gas
laminar flow without steam condensation and gives about iy = 7 W/m2K. Other limits are
the measured region listed in Table 1.

Figure 2 compares the interfacial heat transfer coefficients calculated by Eq. (4) with
measured values (Nagae et al., 2005 & 2007a). The calculated results agreed well with the
data in a wide range of heat transfer coefficients. In the region of large heat transfer
coefficients, however, the points were scattered because the measured values scattered near
the entrance of the experimental section due to a small increase in the cooling water
temperature.
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Fig. 2. Comparison of interfacial heat transfer coefficients, h; ., calculated by Eq. (4) with
data, hjexp

2.3 Experimental analyses by RELAP5/MOD3.2 with modified correlation

Figure 3 shows the nodalization scheme of RELAP5/MOD3.2 for calculations of the
condensation heat transfer experiments shown in Fig. 1. The nodalization scheme contains
125 control volumes, 7 junctions, and a valve and heat structure. Both the steam-air mixture
and coolant were injected at constant flow rates upward into the heat transfer tube and
along the outer surface of the tube, respectively. In the calculation, this behavior is
simulated using a volume and a junction to specify flow, pressure and temperature
conditions. Volumes act as infinite sources or sinks and represent boundary conditions.
Volume 100 is connected to Pipe 110, which represents the lower plenum with a junction.
Junction 115 connects Pipe 110 with the inlet of Pipe 140, which represents the inlet pipe and
measurement section. Junction 141 connects the outlet of Pipe 140 with Pipe 142, which
represents the upper plenum. Valve 175 is used to regulate the venting of the residual
steam-air mixture to the atmosphere. Junction 159 connects Pipes 156 and 160 that simulate
a condensate water line and a collection tank. Volumes 200 and 280 are connected to Pipe
240, which represents the coolant water line, with Junctions 210 and 270, respectively. Heat
structure 140 with 55 sub-volumes is used to represent the heat transferred from the steam-
air mixture to the coolant through the heat transfer tube.

Figure 4 shows the axial temperature profiles (Nagae et al., 2007a). Using the default model
correlation by Nithianandan et al. (1986) gave much higher mixture temperatures especially
for a high pressure condition. It seemed that the default vapor-diffusion model through the
non-condensable gas layer underestimated heat transfer coefficients especially for high
pressures. On the other hand, the temperature distribution of the steam-air mixture
calculated by RELAP5/MOD3.2 with the modified correlation agreed well with the data.
The calculations overestimated the outer surface temperatures of the tube near the inlet in
all cases. The reason might be the high heat transfer coefficient outside the heat transfer tube
near the inlet due to the entrance effect in the experiments.
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P tota1=0.106MPa, W steamin=1.25g/s, W 4;i»=0.12g/s P 1011 =0.400MPa, W ggoamin =0.76a/s, W i, =0.60g/s
120 <o ;gg;;* o ;xgj?;;;* A ;g:i’;f* 160 o Tcexp O Twoexp A Tgexp
- -Tg.calx t Te,cal* Tw,o,cal* Tg,cal*
140 - - - -Tg.calx
120

100

Temperature (°C)
(2]
o

Temperature (°C)
(o]
o

N
o

N
o

o
o

0 0.5 1 15 2 0 0.5 1 15 2
Axial Location, z (m) Axial Location, z (m)

Fig. 4. Comparison of axial temperatures (exp: measured data; calx: RELAP5-default model
correlation; cal*: RELAP5-modified correlation)

3. Steady-state calculations of BETHSY tests 7.2¢c

In order to evaluate the mechanism of different flow patterns observed in the BETHSY tests
7.2c¢ (Noel & Deruaz, 1994), steady-state calculations were conducted using a parallel
channel model (Murase & Nagae, 2005; Nagae et al., 2007b).

3.1 Reflux tests in BETHSY facility

The BETHSY facility is a scale-model of a three-loop 900 MWe PWR with the full height and
1/100 of the volume, flow rate and power level. Each SG has 34 U-tubes with the inner
diameter of 19.68 mm and the average length of 19.45 m.
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The conditions and major results of the reflux tests 7.2c (Noel & Deruaz, 1994) are listed in
Table 2. In the tests, one loop was used and the other two loops were isolated. The power in
the core was constant at about 98 kW, which simulated about 0.33 % of the rated power and
generated the steam flow rate of 47 g/s (1.38 g/s/U-tube). The secondary-side pressure of
the SG was constant at 0.2 MPa. A test was started with pure steam, and nitrogen was
injected gradually into the vertical part of the hot leg upstream of the SG inlet plenum. The
injected nitrogen flowed into the U-tubes and accumulated in the SG outlet plenum and the
cold leg, which was sealed with coolant water in the crossover leg. The primary pressure
increased gradually during injection of nitrogen, and reached a constant value after the
termination of the injection. Table 2 shows the primary pressure and the number of active
U-tubes at a steady state after the termination of the nitrogen injection. The temperatures in
the inlet of the 34 U-tubes were measured, and it seemed that U-tubes with a temperature
close to the inlet plenum temperature and U-tubes with a temperature close to the outlet
plenum temperature would be evaluated as active U-tubes with steam condensation and
passive U-tubes with a nitrogen reverse flow, respectively.

Test conditions Results
Test No. | Qcore (kW) | P, (MPa) | Gas Mng (kg) | P1(MPa) | Nac
7.2c-1.1 97.0 0.2 None | 0.0 0.23 34
7.2c-1.2 98.5 0.2 N, 0.32 0.38 24
7.2c-1.3 98.5 0.2 N, 0.65 0.55 21
7.2c-1.4 99 0.2 N, 1.08 0.78 19

Table 2. Test conditions and major results of the BETHSY tests 7.2c (Noel & Deruaz, 1994);
Mngc: mass of injected nitrogen; N, number of active U-tubes; P; and P,: pressure of
primary and secondary loops, respectively; Qcore: core power

3.2 Calculation model

In this study, we did calculations for the steady state after the termination of the nitrogen
injection in the tests 7.2c, where different flow patterns appeared. Flow patterns in U-tubes
are illustrated in Fig. 5. We assumed that there were active U-tubes with steam condensation
and passive U-tubes with a nitrogen reverse flow, and the one-dimensional flow in the axial
direction was calculated accordingly. In the calculation of thermal-hydraulics in a single U-
tube, the temperature distribution of the steam-nitrogen mixture and the pressure drop
between the inlet and outlet plenums were calculated while varying the steam flow rate or
nitrogen flow rate as a parameter. In the calculation of thermal-hydraulics in parallel U-
tubes, the number of active U-tubes was fixed at one value, the temperature distributions
and the pressure drops in active and passive U-tubes were calculated varying the nitrogen
recirculation flow rate as a parameter, and the solution with the same pressure drop
between active and passive U-tubes was obtained.

The pressure drop between the inlet and outlet plenums could be expressed by the equation:

b, -P é/m (pm |]m

in out =
2

(©)

out

), e [Zidljmm . gjdu%(p,,mlfm)

where p, and j, are the density and superficial velocity of the steam-nitrogen mixture,
respectively. j, and dz are positive in the region of 0 < z < L/2, but negative in the region of
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L/2 < z < L, where L is the length of the U-tube. Inlet pressure loss coefficient of ¢, =0.5
without curvature at the corner and outlet pressure loss coefficient of £, =1.0 for sudden
expansion were used. The friction loss coefficient, f, for an annular flow by Wallis (1969) was
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Fig. 5. Calculation model of flow patterns in U-tubes

The density of the steam-nitrogen mixture, p, , was a function of the pressure and
temperature. Steam pressure could be calculated by applying Dalton’s law and ideal gas law
to nitrogen. The temperature of the steam-nitrogen mixture was calculated from the steam
partial pressure by assuming a saturated state of steam. The steam flow rate could be
calculated by the heat transfer equations, where the heat transfer coefficient outside the U-
tube was calculated by the maximum value of the laminar flow heat transfer at low
superheating and the pool nucleate-boiling heat transfer by Kutateladze at high
superheating, and the condensation heat transfer coefficient was calculated using Egs. (3)
and (4) (for details, see Nagae et al., 2007b).

3.3 Pressure drop and axial temperature distribution

Figure 6 (a) shows calculated pressure drop in a single U-tube for the test 7.2c-1.3. Positive
and negative gas flow rates represent those of steam and nitrogen, respectively. It should be
noted that Fig. 6 (a) shows an example of pressure drop characteristics; the actual pressure
drop changed depending on the number of active U-tubes and nitrogen recirculation flow
rate. Friction loss, dPficion, in the figure included inlet and outlet pressure losses in Eq. (6)
and the difference between the total pressure drop, dPym;, and friction loss was the term of
density head. Because density head was larger in the cold-side than in the hot-side, the
pressure drop between inlet and outlet plenums became negative in the region of low flow
rates with small friction loss. Correlations of the condensation heat transfer coefficient
affected temperature and density head. The calculated pressure drop using the correlation
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by Nithianandan et al. (1986) did not change smoothly, which may be due to the rapid
change of heat transfer coefficients from turbulent flow to laminar flow. However, its effect
was several Pa and small compared with the differential pressures in the hot-side and cold-
side of about 400 Pa.

In the test 7.2c-1.3, the average steam flow rate per U-tube was W; .=1.38 g/s and the steam
flow rate per U-tube in the case of 21 active U-tubes (N,=21; see Table 2) became 2.24 g/s.
In the U-tube bundle, the pressure drop of each U-tube became equal, and three patterns
(three open circles in Fig. 6 (a)), active U-tubes, passive U-tubes and U-tubes with low steam
flow rate, may appear for a given pressure drop. However, it is well known that the flow
pattern with a negative pressure drop gradient is unstable and may not appear in parallel
channels (Ozawa, 1999). Therefore, in this study, we considered active U-tubes and passive
U-tubes in the following calculations.
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Fig. 6. Results of steady-state calculations (N, number of active U-tubes)

Figure 6 (b) compares measured and calculated temperatures of steam-nitrogen mixture in
active U-tubes. In the calculations, the measured number of active U-tubes, N.,=21, was
used. Changing the nitrogen recirculation flow rate as a parameter, we calculated pressure
drops of active and passive U-tubes, and a solution with the same pressure drops between
the active and passive U-tubes was obtained.

In the calculation using the correlation by Nithianandan et al. (1986), as shown in Fig. 6 (a),
the pressure drop was nearly zero at N,+=21 and the nitrogen reverse flow rate in the
passive U-tube was quite low. Therefore, almost pure steam entered the active U-tube and
the temperature of the mixture decreased rapidly due to steam condensation. On the other
hand, in the calculation using the correlation by Nagae et al. (2007a), the nitrogen reverse
flow rate in the passive U-tube was large, condensation heat transfer coefficients became
low due to the non-condensable gas, and the temperature of the mixture decreased
gradually. The temperatures calculated using the correlation by Nagae et al. (2007a) were
overestimated, but showed good agreement with the trend of the measured temperatures.
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3.4 Prediction of number of active U-tubes

Under the countercurrent gas-liquid flow in vertical parallel channels between upper and
lower plenums, where gas is supplied to the lower plenum and liquid is supplied to the
upper plenum, the pressure drop between the upper and lower plenums has a similar
trend to the pressure drop shown in Fig. 6 (a), and gas up-flow and liquid down-flow
appear in parallel channels (Wallis et al., 1981; Murase & Suzuki, 1986). In this case, the
flow pattern with the minimum pressure drop is the most stable among several flow
patterns and appears most easily (Murase & Suzuki, 1986). In the vertical parallel channels,
however, the gas flow rate and the pressure drop are positive, which are different from
those in the U-tubes shown in Fig. 6 (a) where the pressure drop was negative. In the long
U-tubes, the steam flow rate generated by decay heat was low compared with the large
heat transfer area. Therefore, we assumed that the flow might be most stable in the case
with the maximum nitrogen recirculation flow rate, and the predicted number of active U-
tubes using the assumption agreed well with the BETHSY test results (Murase & Nagae,
2005).
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Fig. 7. Results calculated for 34 U-tubes; Nu+: number of active U-tubes observed by Noel &
Deruaz (1994); *condensation heat transfer correlation by Nithianandan et al. (1986); others:
condensation heat transfer correlation by Nagae et al. (2007a)

Figure 7 shows calculated pressure drop and nitrogen recirculation flow rate (Nagae et al.,
2007b). As the injected mass of nitrogen increased, nitrogen recirculation flow rate increased
and the pressure difference between the inlet and outlet plenums (absolute value of the
pressure drop of U-tubes) became large. By assuming that the flow might be most stable in
the case with the maximum nitrogen recirculation flow rate, the predicted numbers of active
U-tubes agreed well with the measured values except for 7.2c-1.2. In order to predict the
number of active U-tubes, Ny=24 in 7.2c-1.2, an accurate pressure drop calculation is
required. In the case of 7.2c-1.4, the predicted number of active U-tubes was 20 for the
measured value of N,=19. The differences of calculated temperatures in the cases of N,=18
to 20 were small and less than 2 K. Figure 7 (b) also shows that the condensation heat
transfer correlation was important to predict the number of active U-tubes, because the
pressure drop between the inlet and outlet plenums was very small as shown in Fig. 7 (a).
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4. Transient calculations using RELAP5/MOD3.2

4.1 Calculation model and conditions

In the transient calculations of the BETHSY tests 7.2c, RELAP5/MOD3.2 was used (Nagae et
al., 2007b; Minami et al., 2008), where the correlation of condensation heat transfer was
modified using Eq. (4). In the transient analyses, SG U-tubes are generally modeled by a
single flow channel, but they must be modeled by multiple flow channels for the calculation
of the nitrogen reverse flow from the outlet plenum to the inlet plenum, so we modeled SG
U-tubes by two or three flow channels.
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Fig. 8. Nodalization for calculations by RELAP5/MOD3.2

Figure 8 shows the nodalization scheme of the SG of the BETHSY tests with three flow
channels, Volumes 115, 116 and 117. In the case of two flow channels, Volumes 115 and 116
were used. The nodalization used for these calculations included control volumes, junctions
and heat structures. Volume 101 simulated the steam flow rate generated in the core.
Volume 151 simulated the nitrogen flow injected into the hot leg. Volumes 10 and 15, and 90
and 95 were connected to the inlet plenum and the outlet plenum, respectively, in order to
drain the condensate water, since the change in free volume would affect the calculations.
The water level in the secondary side of the SG was kept constant by feed water from
Volume 203. The pressure in the secondary side was kept at 0.2 MPa. The inner diameter of
U-tubes was 19.68 mm, and the length of U-tubes was 17.98, 19.45 or 20.92 m. In Fig. 8, the
average length of 19.45 m was used for the three flow channels, Volumes 115, 116 and 117,
because the difference of pressure drops calculated for 17.98, 19.45 and 20.92 m was smaller
than 1 Pa (Murase & Nagae, 2005).
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The volume of the inlet and outlet plenums is about 0.035 m? in the BETHSY facility (Bazin,
1988), but is about 0.05 m? in the same scale model of a Japanese typical PWR plant. The
volume of the inlet and outlet plenums does not directly affect thermal-hydraulic behavior,
but the important parameter is the gas volume in the outlet plenum and cross-over leg, which
affects the partial pressure of nitrogen there. According to the calculation by Murase & Nagae
(2005) using the one-dimensional parallel channel model, the gas volume of the outlet
plenum was about 0.02 m3, which was obtained from the mass of injected nitrogen and
measured pressure of the primary loop in the BETHSY tests. Therefore, we used the volume
of 0.02 m3 for the base case or 0.05 m3 for a parameter calculation to evaluate its effect.

4.2 Modification of calculation equation

At first, a transient calculation was conducted using two flow channels with the flow area
ratio of 21:13. Both flow channels were active in test 7.2c-1.1 without nitrojen injection, and
the gas flow rate ratio and heat transfer ratio between Volumes 115 and 116 were almost the
same as their flow area ratio (i.e. number ratio of U-tubes). After nitrogen injection, the
calculated gas flow rates and heat transfer rates in Volumes 115 and 116 repeated out-of-
phase oscillations and nitrogen reverse flow was not calculated. Moreover, the calculated
steam velocities in the test 7.2c-1.1 were different by about 0.5 % between Volumes 115 and
116, which was small as a calculated result but large as a calculation error. We found that
the gas-liquid interfacial friction forces between Volumes 115 and 116 were different by
about 5%. Therefore, we checked calculation equations of the interfacial friction force. In
RELAPS5, the node and junction method, where pressure is defined at the center of each
volume and velocity is defined at each junction, is used. And in the calculation of pressure
drop between volumes, the following weighting factor is used for calculations of the
interfacial friction force and the wall friction force.

AG) _ 05L()  AG)  05L(k)
A, (i) 05L,(i)+05L, (k) A,(k) 0.5L,(i)+05L, (k)

)

where A; is flow area of a junction, A, is flow area of a volume, L, is length of a volume, and
(i) and (k) show the upstream and downstream volumes of the junction, respectively. It is
not clear why the flow area ratio (A; /A.) is used in Eq. (7), but it is clear that Eq. (7) gives
different forces for the U-tube volumes because flow areas of the junctions A; (j) for Volumes
115 and 116 are 21:13. Therefore, Nagae et al. (2007b) modified Eq. (7) to:

P(;’)}z. 0.5L, (i) +|:Dj(j)}2. 0.5L, (k)
D,(i)| 05L,(i)+05L,(k) | D, (k)| 05L,(i)+05L, (k)

®)

where D; is the hydraulic diameter of a junction and D, is the hydraulic diameter of a
volume. We used Eq. (8) to minimize the modification of Eq. (7) and to keep (4; /A,) =
(Dj/ D)2 for a circular tube because its effects on the other configurations are not clear.

In the case of 17:17, for example, the interfacial friction force and the wall friction force of the
inlet plenum should be about 0.13 % of those of the U-tube inlet section. However, the first
term of Eq. (7) gave about 13.5 % of the second term of Eq. (7). This meant that Eq. (7) gave
large interfacial force and wall friction force. The first term of Eq. (8) gave about 0.01 % of the
second term of Eq. (8), which was smaller than 0.13 % mentioned above. However, its effect
on the calculated values of the interfacial force and wall friction force was negligibly small.
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4.3 Transient calculations with two flow channels

Figure 9 shows the calculated gas flow rate at the inlet of SG U-tubes and pressure at the SG
inlet plenum (Nagae et al., 2007b), where Eq. (8) was used for calculations of the interfacial
friction force and wall friction force. In the two flow channels, their number of U-tubes are
21 and 13 for Volumes 115 and 116, respectively. The volume of inlet and autlet plenums is
0.02 or 0.05 m3.

The gas flow rate ratio between Volumes 115 and 116 were the same as their flow area ratio
(i.e. number ratio of U-tubes) of 21:13. After nitrogen injection, the pressure drop became
negative, and the gas flow rate of Volume 115 increased. On the other hand, the gas flow
rate of Volume 116 became negative (reverse flow). Nitrogen flowed from the outlet plenum
to the inlet plenum in Volume 116 and recirculated into Volume 115. Two flow channels
separated into active U-tubes (Volume 115) and passive U-tubes (Volume 116) in the
calculations. Special thermal-hydraulic models and input data were not used for Volumes
115 and 116, and it seemed that the calculated results approached the more stable solution
due to some disturbance in the calculation. In tests 7.2c-1.3 and 7.2¢c-1.4, Volume 115 and
Volume 116 remained active and passive, respectively. As the injected nitrogen increased,
the gas flow rate of Volume 115 increased because nitrogen reverse flow increased in
Volume 116 and recirculated into Volume 115. The heat transfer rate in passive U-tubes was
only about 0.3% of the whole heat transfer rate.
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tubes; *Data: Noel & Deruaz (1994)
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The calculated results were similar between the plenum volumes of 0.02 and 0.05 m3, except
for the behavior during the nitrogen injection and the pressure at the SG inlet plenum. The
nitrogen reverse flow continued in the case with the plenum volume of 0.02 m3, but
terminated during the nitrogen injection in the case with the plenum volume of 0.05 m3.
Pressures calculated with the two flow channels were a little lower than those calculated
with the single flow channel, but the differences were small because the steam condensation
zone was much shorter than the U-tube length and the inlet and outlet plenum volume was
small, and the calculated pressures of both cases agreed well with the measured values.
Figure 9 results indicated that the volume of the SG inlet and outlet plenums with non-
condensable gas affected the pressure at the SG inlet plenum and stability of the
calculations.

Figure 10 shows the nitrogen recirculation flow rate and the SG inlet plenum pressure
versus the number of active U-tubes as the calculation parameter (Nagae et al., 2007b).

In the steady state calculations, assuming that the flow might be most stable in the case with
the maximum nitrogen flow rate, a unique solution for the number of active U-tubes could
be obtained, and the estimated number of active U-tubes agreed well with observed results
except 7.2c-1.2, as shown in Fig. 7 (b). Therefore, similar calculations were performed using
RELAP5/MOD3.2. Figure 10 (a) shows nitrogen recirculation flow rates calculated changing
the flow area ratio of U-tube Volumes 115 and 116. In the calculations, the flow area ratio of
U-tubes changed from 17:17 to 33:1. In the calculations, active U-tubes with condensation
and passive U-tubes with the nitrogen reverse flow appeared even in the calculations for
7.2c-1.2, and the horizontal axis in Fig. 10 shows the number of active U-tubes as calculated
results. In the case of the plenum volume of 0.02 m3, active U-tubes appeared in the flow
channel with large flow area in all calculations and the nitrogen reverse flow was calculated
in the region of N, 217 . The results underestimated the number of active U-tubes with the
maximum nitrogen recirculation flow rate, but they agreed well with the measured value
within a difference of two U-tubes. In the case of the plenum volume of 0.05 m3, the nitrogen
reverse flow was not calculated in the region of N,, <20 for 7.2c-1.2, but it was calculated
in the region of N, 217 for 7.2c-1.3. For 7.2c-1.4, the flow channel with the larger flow area
became the nitrogen reverse flow in cases of 19:15 and 18:16. The results overestimated the
number of active U-tubes with the maximum nitrogen recirculation flow rate, but they
agreed rather well with the measured value within a difference of 4 U-tubes. Compared
with the steady-state analyses shown in Fig. 7 (b), solutions were obtained over a wide
range of flow conditions.

Figure 10 (b) shows the calculated pressure at the SG inlet plenum. The number of active U-
tubes, 34, shows the calculated pressure with a single flow channel, which was
overestimated. As discussed in Fig. 9, the calculations with two flow channels and the inlet
and outlet plenum volume of 0.05 m3 underestimated the primary loop pressure, especially
for 7.2c-1.4. Figure 10 (b) results indicated that the flow area ratios of U-tubes in the two
flow channels model and the number of active U-tubes did not greatly affect the calculated
primary loop pressure. On the other hand, the gas volume in the outlet plenum, which had
an uncertainty in this study, affected the calculated primary loop pressure, and the
calculations with two flow channels and the inlet and outlet plenum volume of 0.02 m?3
agreed well with the data.
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5. Transient calculations with three flow channels

In the calculations with two flow channels, we needed to perform many calculations and to
assume that flow may be most stable in the case with maximum nitrogen flow rate in order
to predict the number of active U-tubes. However, the assumption has not been well
validated. Therefore, we did calculations using three flow channels of U-tubes in order to
change the flow areas of active and passive U-tubes rather smoothly (Minami at al., 2008).
We expected that the number of active U-tubes could be predicted without the assumption.

5.1 Calculation conditions

The nodalization scheme of the SG of the BETHSY tests is shown in Fig. 8. U-tubes were
modeled by three flow channels, Volumes 115, 116 and 117. The calculation parameters
were the plenum volume and the flow area ratio of the three flow channels. The volume of
inlet and autlet plenums was 0.02 or 0.05 m3. The flow area ratio of the three flow channels
was 55, 30 and 15%, 45, 35 and 20%, 45, 30 and 25% or 40, 35 and 25%. In the case of 55, 30
and 15% for example, the possible number ratios of active U-tubes were 100, 85, 70, 55, 45, 30
and 15%.

5.2 Transient behavior

Figure 11 shows gas flow rate at the U-tube inlet in three flow channels with the flow area
ratios of 55, 30 and 15% (Minami et al., 2008). In the case of the plenum volume of 0.02 m3,
after nitrogen injection, Volume 116 with the 30% flow area changed to nitrogen reverse
flow in test 7.2c-1.2 and Volume 117 with the 15% flow area changed to nitrogen reverse
flow in test 7.2c-1.3. On the other hand, in the case of the plenum volume of 0.05 m3, Volume
117 with the 15% flow area changed to nitrogen reverse flow after nitrogen injection and
continued the same flow pattern. As shown in Fig. 11, the gas volume in the SG outlet
plenum affected the transient behavior because nitrogen accumulated in the volume.
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Fig. 12. Ratio of active U-tubes calculated with three flow channels

Figure 12 shows the ratio of the calculated active U-tubes (Minami et al., 2008). The
calculation parameter was the flow area ratio set of U-tubes, which were 55, 30 and 15%, 45,
35 and 20%, 45, 30 and 25% or 40, 35 and 25%. In the case of the plenum volume of 0.02 m3,
only Volume 116 with the medium flow area changed to nitrogen reverse flow, except for
the flow area ratio set of 55, 30 and 15% shown in Fig. 11 (a), and the ratio of active U-tubes
agreed with each other and with the data. Against our expectation, however, once the flow
pattern changed from active flow to nitrogen reverse flow, the nitrogen reverse flow rarely
returned to active flow and other channels rarely changed to nitrogen reverse flow. In the
case of the plenum volume of 0.05 m3, all Volumes 115, 116 and 117 became nitrogen reverse
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flow depending on the flow area ratio, and the calculated ratios of active U-tubes were
scattered. The average ratios of active U-tubes were overstimated, which was similar to
calculations with two flow channels shown in Fig. 10 (a), but agreed rather well with the
data.

In the calculations with three flow channels, the assumption to decide the most stable state
was not needed.

5.4 Discussion
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Fig. 13. Comparison of predicted ratio of active U-tubes; 2F & 3F: two and three flow
channels, respectively; 0.02 & 0.05: plenum volume (m3); PCM: parallel channel model (c.f.
Fig. 7 (b)); *Data: Noel & Deruaz (1994)

Figure 13 compares the ratio of active U-tubes predicted using three flow channels with that
using two flow channels. The predicted ratios of active U-tubes agreed well with the data in
the case with the plenum volume of 0.02 m3, but were overestimated in the case with the
plenum volume of 0.05 m3. However, both cases of 0.02 and 0.05 m3 agreed well between
two and three flow channels.

In the three flow channel calculations, the assumption that flow was most stable in the case
with maximum nitrogen flow rate was not used. Three flow channel calculations without
the assumption gave similar results to two flow channel calculations using the assumption
as shown in Fig. 13. This meant that the assumption that flow was most stable in the case
with the maximum nitrogen flow rate was valid.

6. Concluding remarks

In this study, condensation heat transfer of a steam-air mixture was measured using a
vertical tube with the inner diameter of 19.3 mm, and an empirical correlation of
condensation heat transfer coefficients for reflux condensation was derived. The correlation
was incorporated into the transient analysis code RELAP5/MOD3.2 and the temperature
distributions of the steam-air mixture calculated by the code for reflux condensation tests
were shown to agree well with the measured results.
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Different flow patterns in U-tubes observed in the reflux condensation tests 7.2c with
nitrogen injection, done using the BETHSY facility with 34 U-tubes, were calculated with
two flow channels of active and passive U-tubes using a parallel channel model for steady-
states and RELAP5/MOD3.2 for transient calculations. In the region of low steam flow rates,
the pressure in the outlet plenum became higher than the pressure in the inlet plenum due
to density head of gases, and a nitrogen reverse flow occurred, which was successfully
calculated by RELAP5/MOD3.2. There were many solutions with different numbers of
active U-tubes with steam condensation and the predicted number of active U-tubes agreed
well with the measured values based on the assumption that the flow might be most stable
in the case with the maximum nitrogen recirculation flow rate. Without the assumption of
the most stable state, the calculations with three flow channels gave good prediction of the
ratio of active U-tubes.

By using the proposed method (one-dimensional parallel-channel calculations), the ratio of
active and passive U-tubes can be predicted even for an actual steam generator with about
3,000 U-tubes. However, it should be noted that the method can not identify the location of
active U-tubes. In order to do that, three-dimensional calculations are required to evaluate
the inertia effect of a steam flow into the SG inlet plenum.
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1. Introduction

The development of LWR Nuclear Power Plants (NPP) and the question after their safety
behaviour have enhanced the need for adequate theoretical descriptions of these plants.
Thus thermal-hydraulic models and, based on them, effective computer codes played
already very early an important role within the field of NPP safety research. The models and
codes should have the potential to describe the steady state and transient behaviour of
characteristic key parameters of a single- or two-phase fluid flowing along the
corresponding loops of such a plant and thus also along any type of heated or non-heated
coolant channels.

Obviously many discussions have and will continue to take place among experts as to which
type of theoretical approach should be chosen for the correct description of thermal-
hydraulic two-phase problems when looking at the wide range of applications. Very
comprehensive reviews and critical discussions of different possible methods have been
published already very early in the book of Ishii (1990), in the workshop presentations of
Woulff (1987) and by Banerjee and Yadigaroglu (1990). Due to the presence of discontinuities
in the first principle of mass conservation in a two-phase flow model, caused at the
transition from single- to two-phase flow and vice versa, it turns out that the direct solution
of the basic conservation equations for mixture fluid along such a coolant channel gets very
complicated. What is thus the most appropriate way to deal with such a special thermal-
hydraulic problem?

With the introduction of the ‘Separate-Phase Model” concept it could already very early a
very successful way be shown how to avoid upcoming difficulties in finding solution
methods to treat such a two-phase flow situation under the assumption of separating the
two-phases of such a mixture-flow completely from each other. This yields a system of 4-, 5-
or sometimes even 6-equations defined by splitting each of the conservation equations into
two so-called ‘field equations’. Hence, compared to the four independent parameters
characterising the mixture fluid, the separate-phase systems demand a much higher number
of additional variables and special assumptions. This has the consequence that an enormous
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amount of CPU-time has to be expended for the solution of the resulting sets of differential
and analytical equations in a computer code. It is clear that, based on such assumptions, the
interfacial relations both between each phase and the (heated or cooled) wall but also
between each of the two phases are completely rearranged, raising the difficult question of
how to describe in a realistic way the direct heat input into and between the phases and the
movement resp. the friction of the phases between them. This problem is solved in such an
approach by introducing corresponding exchange (=closure) terms between the
equations based on special transfer (= closure) laws. Since they can, however, not be
based on fundamental laws or at least on experimental measurements this approach
requires a significant effort to find a correct formulation of the exchange terms between
the phases. It must therefore be recognised that the quality of these basic equations (and
especially their boundary conditions) will be intimately related to the (rather artificial
and possibly speculative) assumptions adopted if comparing them with the original
conservation laws of the 3-equation system and their constitutive equations as well. The
problem of a correct description of the interfacial reaction between the phases and the
wall remains. Hence, very often no consistency between different models due to their
underlying assumptions can be stated. Another problem arises from the fact that special
methods have to be foreseen to describe the moving boiling or mixture level boundaries
(or at least to estimate their ‘condensed’ levels) in such a mixture fluid (see, for example,
the ‘Level Tracking’ method in TRAC). Additionally, these methods show often
deficiencies in describing extreme situations such as the treatment of single- and two-
phase flow at the ceasing of natural circulation, the power situations if decreasing to zero
etc. The codes are sometimes very inflexible, especially if they have to provide to a very
complex physical system also elements which belong not to the usual class of ‘thermal-
hydraulic coolant channels’. These can, for example, be nuclear kinetic considerations,

heat transfer out of a fuel rod or through a tube wall, pressure build-up within a

compartment, time delay during the movement of an enthalpy front along a downcomer,

natural circulation along a closed loop, parallel channels, inner loops etc.

Despite of these difficulties the ‘Separate-Phase Models’ have become increasingly

fashionable and dominant in the last decades of thermal-hydraulics as demonstrated by the

widely-used codes TRAC (Lilles et al., 1988, US-NRC, 2001a), CATHENA (Hanna, 1998),

RELAP (US-NRC,2001b, Shultz,2003), CATHARE (Bestion,1990), ATHLET (Burwell et

al., 1989, Austregesilo et al., 2003, Lerchl et al., 2009).

Several reasons can be named why this method is preferred by many authors and users:

¢ Advantages due the unique formulation of the up to 6 basic partial differential eqgs.
which allows then also to apply a unique mathematical solution method,

e  the possibility to circumvent discontinuities (Wulff, 1987) in simulating the transitions
from single- to two-phase flow and vice versa, thus avoiding difficulties in describing
the movement of phase boundaries along a coolant channel,

e avoiding the very difficult direct theoretical treatment of a mixture-fluid approach,

¢ allowing establishing within the resulting ‘modular” codes the necessary set of solution
equations (ODE-s and constitutive equations in dependence of corresponding
perturbation parameters) by combining them by means of an adequate input data set,
i.e. outside of the code, with the advantage that the user does not need to be familiar
with the construction of digital codes.
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e giving the possibility to assume further-on that, in the case of two-phase flow
situations, the water-phase can adopt temperatures below, the steam phase above
saturation conditions. This means, the model can also take care of ‘thermal-hydraulic
non-equilibrium” situations, an important advantage for the application of this class of
codes (as this is for example the case if cold water is injected into a steam dome or
steam into a sub-cooled water plenum etc.).

It is on the other hand clear that as an alternative for the description of two-phase
phenomena by splitting them into different phases the direct solution of the basic equations
of a mixture-fluid technique could be regarded as a very appropriate approach, provided
that despite of the above mentioned difficulties an exact solution can be found. This direct
method could therefore be seen as a real counterpart to the currently preferred and
dominant ‘separate-phase models’.
However, in the past the difficulties in the direct treatment of a ‘mixture-fluid approach’
have been responsible for the fact that only approximate and very simplified solutions for
special situations could be provided, thus demanding severe restrictions in their field of
application. As pointed-out by (Fabic, 1996) in the early seventies such simplified
‘homogenous equilibrium models (HEM-s)” have been derived under the assumption of a
homogeneous fluid, a mixture where water and steam phase are assumed to move with the
same velocity, i.e. the slip remains equal to 1 and the relative and thus also drift velocities
equal to 0. Since for most purposes this is too far from reality, it is obvious that such
simplified ‘homogeneous” approaches (see for example Dunn, 1998) could only be applied
to special cases, for example where the speed of the calculation has to be enhanced in order
to be usefully applied in comprehensive two-phase flow studies. Their shortcomings are
mainly responsible for the seemingly widespread misunderstanding of the quality of
‘mixture-fluid” models, their poor image and the subsequent unfair treatment of this class of
models.
Zuber et al. (1965) and Wulff (1987) proposed already very early a concept called (a bit
imprecisely) ‘drift-flux model” which has been continuously expanded according to the
rising demands in reactor safety research. In fact it is a ‘four-equation non-homogeneous
non-equilibrium two-phase flow model” with mass-, energy- and momentum balances for
the mixture and a separate mass balance for the vapour phase based on a specially
developed ‘drift-flux theory’. It has been successfully applied in a number of post-
calculations of reactor transients (with up to ten times real-times simulation speed)
including BWR instability simulations with large power and flow oscillations.

At the Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) at Garching/Munich very

early activities have been started too to develop thermal-hydraulic models and digital codes

which have the potential to describe in a detailed way the overall transient and accidental
behaviour of fluids flowing along the core but also the main components of different

Nuclear Power Plants (NPP) types. For one of these components, namely the natural

circulation U-tube steam generator together with its main steam system, an own theoretical

model has been derived. The resulting digital code UTSG (Hoeld, 1978) could be used both
in a stand-alone way but also as part of more comprehensive transient codes, such as the
thermal-hydraulic GRS system code ATHLET (Burwell et al., Austregesilo, 2003) with an
high level simulation language GCSM (General Control Simulation Module) to take care of
the balance-of-plant (BOP) actions. Based on the experience of many years of application
both at the GRS and a number of other institutes in different countries but also due to the
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rising demands coming from the safety-related research studies this UTSG theory and code
has been continuously extended, yielding finally a very satisfactory and mature code
version UTSG-2 (Hoeld, 1990a).

During the research work for the development of the code UTSG-2 it arose finally the idea to
establish an own basic element which is able to simulate the thermal-hydraulic mixture-
fluid situation within any type of cooled or heated channel in an as general as possible way,
having the aim to be applicable for any modular construction of complex thermal-hydraulic
assemblies of pipes and junctions. Thereby, as described in detail in this paper, in contrast to
the above mentioned class of ‘separate-phase’ modular codes instead of separating the
phases of a mixture fluid within the entire coolant channel an alternative theoretical
approach has been chosen, differing both in its form of application but also in its theoretical
background. To circumvent the above mentioned difficulties due to discontinuities resulting
from the spatial discretization of a coolant channel, resulting eventually in nodes with a
transition from single- to two-phase flow and vice versa, a special and unique concept has
been derived assuming that a (basic) coolant channel (BC) should be subdivided into a
number of sub-channels (SC-s) with the imposition that each of these SC-s can consist of
only two types of flow regimes, an SC with just a single-phase fluid, containing exclusively
either sub-cooled water (setting Lrrype=1) or superheated steam (Lrrype=2), or an SC with a
two-phase mixture (Lprypg=0). The theoretical considerations of this ‘separate-region
approach’ (within the class of mixture-fluid models) can then be restricted to only these two
regimes. Hence, for each SC type, the ‘classical’ 3 conservation equations for mass, energy
and momentum can be treated in a direct way. In case of a sub-channel with mixture flow
these basic equations have to be supported by a drift flux correlation yielding an additional
relation for the appearing fourth variable, namely the steam mass flow. This can, eventually,
be achieved by any two-phase correlation (for example also a slip correlation). But, to take
care also of stagnant or counter-current flow situations, an effective drift-flux correlation
seems to be more effective. For separate-phase models no such direct experimentally based
correlations are available. It has to be noted that, different to the ‘drift-flux model” where a
4-th mass balance equation for the vapour phase is introduced, the fundamental mixture-
fluid equations are based on an adequate drift-flux correlation in an analytical form.

It is obvious that this procedure has, however, the consequence that varying SC entrance
and outlet boundaries have to be considered too. As demonstrated in this paper an adequate
way to solve this essential problem could be found and a corresponding procedure been
established.

As a result of these theoretical considerations an universally applicable 1D thermal-
hydraulic drift-flux based separate-region coolant channel module (and code) CCM could
be constructed. Its aim is to make it possible to calculate automatically the steady state and
transient behaviour of all characteristic parameters of a single- and two-phase fluid within
the entire coolant channel. It represents thus a valuable tool for the establishment of
complex codes and can contribute even in the case of complex thermal-hydraulic systems
which may consist of a number of different types of (basic) coolant channels to the overall
set of equations by determining automatically the different differential and constitutive
equations needed for each of these sub- and thus basic channels.

To check the performance and validity of the code package CCM, to verify and validate it
(see Hoeld, 1978, 1990b, 2002a, 2007a, 2007b) the digital code UTSG-2 has been extended to a
new version, called UTSG-3. It is based, similarly as in the previous code UTSG-2, on the
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same U-tube, main steam and downcomer (with feedwater injection) system layout, but

now, among other essential improvements, the three characteristic channel elements of the

code UTSG-2 (i.e. the primary and secondary side of the heat exchange region and the riser
region) have been replaced by adequate CCM modules. Naturally, during the application of

UTSG-3 and thus CCM both codes have been continuously expanded to a now very mature

form (Hoeld, 1998b, 1999, 2000).

It is obvious that such a theoretical ‘separate-region’ approach can disclose a new way in

describing thermal-hydraulic problems, regarding the resulting ‘mixture-fluid’ technique as

a very appropriate way to circumvent the uncertainties apparent from the separation of the

phases in a mixture flow. The starting equations are the direct consequence of the original

fundamental physical laws for the conservation of mass, energy and momentum, supported
by well-tested heat transfer and single- and two-phase friction correlation packages (and

thus avoiding also the sometimes very speculative derivation of the ‘closure’ terms). In a

very comprehensive study by (Hoeld, 2004b) a variety of arguments for the here presented

type of approach is given, some of which will be discussed in the conclusions presented in

chapter 6.

The very successful application of the code combination UTSG-3/CCM demonstrates the

ability to find an exact and direct solution for the basic equations of a 'non-homogeneous

drift-flux based thermal-hydraulic mixture-fluid coolant channel model’. The theoretical
background of CCM will be described in very detail in the following chapters.

For the establishment of the corresponding (digital) module CCM, based on this theoretical

model and written in double-precision (with its single-precision version CCMS) very

specific methods had to be achieved, thereby taking into account the following points:

e The code should be easily applicable, demanding only a limited amount of easily
available input data. It should also be able to simulate the thermal-hydraulic mixture-
fluid situation along any cooled or heated channel in as general a way as possible. It
should thus be able to describe any modular construction of complex thermal-hydraulic
assemblies of pipes and junctions. Such an universally applicable tool can then be taken
for calculating the steady state and transient behaviour of all the characteristic
parameters of each of the appearing coolant channels and thus be a valuable element
for the construction of complex computer codes. It should yield as output all the
necessary time-derivatives and constitutive parameters of the coolant channels required
for the establishment of an overall thermal-hydraulic code.

e It was the intention of CCM that it should act as a complete system in its own right,
requiring only BC- (and not SC-) related, and thus easily available input parameters
(geometry data, initial and boundary conditions, parameters resulting from the
integration etc.). The partitioning of BC-s into SC-s is done at the begin of each
recursion or time-step automatically within CCM, so no special actions are required of
the user.

¢ Knowing now the characteristic parameters at all SC nodes (within a BC) then the
single- and two-phase parameters at all node boundaries of the entire BC can be
determined, but also also the corresponding time-derivatives of the averaged
parameters over these nodes. This yields a final set of ODE-s and constitutive equations.

e The quality of such a model is very much dependent on the method by which the
problem of the varying SC entrance and outlet boundaries can be solved, especially if
they cross BC node boundaries during their movement along a channel. Hence, on the
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basis of the ‘Leibniz’ rule (see eq.(29)), special measures had to be developed which
allow the characterisation of their transient behaviour in deriving own differential
equations.

e  For the support of the nodalized differential equations along different SC-s a ‘quadratic
polygon approximation” procedure (PAX) was constructed in order to interrelate the
mean nodal with the nodal boundary functions. Additionally, due to the possibility of
varying SC entrance and outlet boundaries, nodal entrance gradients are also required
from the PAX procedure too (See section 3.3).

e Several correlation packages such as, for example, packages for the thermodynamic
properties of water and steam, heat transfer coefficients, drift flux correlations and
single- and two-phase friction coefficients had to be established and implemented (See
sections 2.2.1 to 2.2.4).

e It order to be able to describe also thermodynamic non-equilibrium situations it can be
assumed that each phase is described by an own with each other interacting BC. Then,
in the model the possibility of a variable cross flow area along the entire channel had to
be considered as well.

Within the CCM procedure two further aspects play an important role These are, however,

not essential for the development of mixture-fluid models but can help enormously to

enhance the computational speed and applicability of the resulting code in simulating a

complex net of coolant pipes:

e Solution of energy and mass balance equations during each intermediate time step
independently from momentum balance considerations in order to avoid the heavy
CPU-time consuming solution of stiff equations (See section 3.5).

e This allows then also the introduction of an ‘open’ and ‘closed channel’ concept (see
section 3.11), a special method which can be very helpful in describing complex
physical systems with eventually inner loops, as this can be done for example if
simulating a 3D compartment by parallel channels (Jewer et al., 2005).

The application of a direct mixture-fluid technique follows a long tradition of research
efforts. Ishii (1990), a pioneer of two-fluid modelling, states with respect to the application of
effective drift-flux correlation packages in thermal-hydraulic models: ‘In view of the limited
data base presently available and difficulties associated with detailed measurements in two-
phase flow, an advanced mixture-fluid model is probably the most reliable and accurate tool
for standard two-phase flow problems’. There is no new knowledge available to indicate
that this view is invalid.

Generally, the mixture-fluid approach is in line with (Fabic, 1996) who names three strong

points arguing in favour of this type of drift-flux based mixture-fluid models:

e They 