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FOREWORD

The IAEA initiated in 1990 a programme to assist the countries of central and eastern Europe and
the former Soviet Union in evaluating the safety of their first generation WWER-440/230 nuclear power
plants. The main objectives of the Programme were: to identify major design and operational safety issues;
to establish international consensus on priorities for safety improvements; and to provide assistance in the
review of the completeness and adequacy of safety improvement programmes.

The scope of the Programme was extended in 1992 to include RBMK, WWER-440/213 and
WWER-1000 plants in operation and under construction. The Programme is complemented by national
and regional technical co-operation projects.

The Programme is pursued by means of plant specific safety review missions to assess the adequacy
of design and operational practices; Assessment of Safety Significant Events Team (ASSET) reviews of
operational performance; reviews of plant design, including seismic safety studies; and topical meetings
on generic safety issues. Other components are: follow-up safety missions to nuclear plants to check the
status of implementation of IAEA recommendations; assessments of safety improvements implemented
or proposed; peer reviews of safety studies, and training workshops. The IAEA is also maintaining a
database on the technical safety issues identified for each plant and the status of implementation of safety
improvements. An additional important element is the provision of assistance by the IAEA to strengthen
regulatory authorities.

The Programme implementation depends on voluntary extrabudgetary contributions from IAEA
Member States and on financial support from the IAEA Regular Budget and the Technical Co-operation
Fund.

For the extrabudgetary part, a Steering Committee provides co-ordination and guidance to the IAEA
on technical matters and serves as forum for exchange of information with the European Commission and
with other international and financial organizations. The general scope and results of the Programme are
reviewed at relevant Technical Co-operation and Advisory Group meetings.

The Programme, which takes into account the results of other relevant national, bilateral and
multilateral activities, provides a forum to establish international consensus on the technical basis for
upgrading the safety of WWER and RBMK nuclear power plants.

The IAEA further provides technical advice in the co-ordination structure established by the Group
of 24 OECD countries through the European Commission to provide technical assistance on nuclear safety
matters to the countries of central and eastern Europe and the former Soviet Union.

Results, recommendations and conclusions resulting from the IAEA Programme are intended only
to assist national decision makers who have the sole responsibilities for the regulation and safe operation
of their nuclear power plants. Moreover, they do not replace a comprehensive safety assessment which
needs to be performed in the frame of the national licensing process.



EDITORIAL NOTE

In preparing this publication for press, staff of the IAEA have made up the pages from the
original manuscript (s). The views expressed do not necessarily reflect those of the governments of
the nominating Member States or of the nominating organizations.

Throughout the text names of Member States are retained as they were when the text was
compiled.

The use of particular designations of countries or territories does not imply any judgement by
the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered)
does not imply any intention to infringe proprietary rights, nor should it be construed as an
endorsement or recommendation on the part of the IAEA.
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SUMMARY

The first WWER-1000 NPP was put into operation in 1980 and there are currently 20 units with 80
PGV-1000 steam generators in operation and some others are under construction. The accumulated
operational experience is more than 90 reactor-years. In addition, construction of some units was frozen
but may be reconsidered in the future and construction of new plants of a similar design is also under
consideration.

Based on the accumulated operational experience and assessment of the consequences of failures,
the WWER-1000 steam generator integrity and in particular steam generator collector integrity was
recognized as an important issue of high safety concern.

On 25 operating WWER-1000 steam generators cracks have developed in cold collectors during
operation. In three cases, damage to the ligament integrity was found by increase of the steam generator
water activity due to primary to secondary leakage. In all other cases the damage was detected in the course
of annual scheduled in-service inspection.

The first collector damage raised concerns regarding the safety of WWER-1000 NPPs.
Consequently, substantial efforts were initiated to identify the root cause of the damage and to develop and
implement compensatory measures.

Compensatory measures have been implemented on a plant specific basis at all steam generators of
operating plants and have been effective except for one case when further cold collector damage was found
at Balakovo NPP in 1995.

The purpose of this report is to integrate available information on the issue of WWER-1000 steam
generator integrity with focus on the steam generator cold collector damage in particular. This information
covers the status of steam generators at operating plants, cause analysis of collector cracking, the damage
mechanisms involved, operational aspects and corrective measures developed and implemented.
Consideration is given to material, design and fabrication related aspects, operational conditions, system
solutions, and in-service inspection. Developed and implemented measures are reviewed along with new
design solutions. Detailed conclusions and recommendations are provided for each of these aspects.

It is concluded that the steam generator collector cracking remains a matter of safety concern.
Investigations of the damage carried out provided a basis for development of compensatory measures,
which has been effective to date to fulfill the safety related design basis. However, the mechanisms which
lead to the damage still need to be quantified. The establishment and maintenance of strict secondary water
chemistry is of high importance to reduce the degradation. Adequate in-service inspection is required to
timely detect the degradation. Consolidation of inspection results would improve the understanding of the
problem. Comprehensive plant specific safety analysis for primary to secondary leakages is required to
provide a basis for further development of both design and operation related measures. It is noted that
different approaches to address the issue were chosen by Russian and Czech experts, and exchange of
information could provide a useful guidance for future activities. It is important to mention, that steam
generators in storage, which were manufactured using explosive expansion, are not planned to be put into
operation.



1. INTRODUCTION

Within the framework of the IAEA Extrabudgetary Programme on the Safety of WWER-1000 NPPs,
a number of safety issues were identified [1]. Based on the accumulated operational experience and
assessment of the consequences of failures, the WWER-1000 steam generator integrity, and in particular
the steam generator collector integrity, was recognized as an important issue of high safety concern.

Considering the safety importance of this issue, a Consultants Meeting on the Steam Generator
Integrity of WWER-1000 Nuclear Power Plants was convened in Vienna in May 1993, attended by 15
international experts to compile information on the steam generator operating experience, deficiencies and
corrective measures implemented and planned. To include also information from the main designer OKB
Gidropress, the IAEA convened a second meeting on the issue in November 1993 and compiled a report
on steam generator collector integrity of WWER-1000 reactors [2] in March 1994.

In order to assist Member States operating WWER-1000 plants to further discuss technical concerns
and in particular to review the adequacy of identification of the root cause of the problems observed, a
meeting on the subject was organized by the IAEA. The meeting was hosted by the Government of Japan
in Tokyo, September 25-29, 1995 and attended by 29 experts from Bulgaria, Croatia, Czech Republic,
France, Germany, Japan, Russia, Sweden, Ukraine and the IAEA.

The first WWER-1000 NPP was put into operation in 1980 and there are currently 20 units with 80
steam generators PGV-1000 in operation and some other are under construction. The accumulated
operational experience is more than 90 reactor-years. In addition, construction of some units was frozen
but may be reconsidered in the future.

The PGV-1000 is a horizontal steam generator, the design of which is based in principle on the
WWER-440 steam generator design with some modifications. In particular the material of the collectors
was changed, austenitic stainless steel 08Chl8N10T was replaced by low alloy steel 10GNMFA with
higher mechanical (tensile) properties. In contrast to their smaller predecessors, the PGV-1000 steam
generators suffered from problems, in particular cracking in the cold collectors. In the period 1986-1991
a number of steam generators had to be replaced due to the cracking problem. Consequently, efforts were
initiated to identify the causes of the degradation and it was concluded that a combination of material
aspects, design and operation loads in combination with water chemistry requirements violations are
responsible for the damage. Based on the findings available, corrective measures were proposed and
implemented at the plants as well as to the design of the steam generators manufactured for the plants
under construction.

High importance is being attached to this issue, since steam generators represent at a nuclear power
plant 80% of the primary pressure boundary. In addition an accident involving collector break has a
potential to result in a containment bypass and direct release to the atmosphere via stuck open atmospheric
steam dump BRU-A valve or in a complete loss of primary water inventory for long term cooling or both.

This report summarizes the status of the issue, results of cause analysis available to date and provides
conclusions and recommendations on the corrective actions implemented and proposed as well as on their
basis.



2. SAFETY CONCERN

On 25 operating WWER-1000 steam generators cracks have developed in cold collectors during
operation. In three cases damage to the ligament integrity was found by increase of the steam generator
water activity due to primary to secondary leakage. In all other cases the damage was detected in the course
of in-service inspection during the annual scheduled outages.

The maximum crack size (as a sum of length of the affected ligaments from the secondary circuit
side) found to date was approximately 1000 mm in length. In case of through-wall penetration the crack
length from the secondary side amounts to approximately 10-15 mm. Such pattern is clear because crack
initiation and propagation starts from the secondary side. Therefore, the crack shape looks like a cone with
the wider base at the secondary side. Such collector damages are characteristic of these first group of steam
generators with no corrective measures implemented to improve the operational reliability and life. It's
worth mentioning that at this time there are no steam generators without any measure to improve their
reliability.

The first collector damage gave rise to the very urgent question of safe operation of WWER-1000
NPPs. In this connection numerous experimental investigations and calculational studies based in
particular on probabilistic fracture mechanics have been performed in order to evaluate crack propagation.
The results obtained to date are encouraging to state that massive steam generator collector failure is rather
unlikely to occur during the first half of service life of the first generation steam generators without any
measures to enhance their reliability [3]. However, these investigations need to be reviewed and confirmed
to be used as a failure concept.

As for the accident with the collector cover separation like that which occurred in 1992 at PGV-440
of Rovno NPP the primary to secondary leak during such accidents both on WWER-440 steam generator
and in PGV-1000 is limited to the cross section between the collector upper part and the vessel flange and
amounts to not more than 100 mm equivalent diameter. After collector loosening, the equivalent diameter
becomes substantially larger and therefore design modification of the collector cover was developed, which
reduces the equivalent diameter of the opening to a value even below 100 mm.

The above circumstances have been used to justify operation of WWER-1000 units alongside with
the development and implementation of measures on enhancement of steam generator operational
reliability and lifetime.

It is considered that steam generator collector ruptures are accidents of high safety significance for
the following reasons. A major primary to secondary leak due to steam generator collector break would
quickly overfill the steam generator and the main steam line which has not been thoroughly demonstrated
to be qualified for hot water load. There is a potential for two scenarios which could lead to a bypass of
the containment and the loss of the long-term core cooling due to loss of primary water to the environment.
Either there is a steam line break before the fast steam line isolation valves outside the containment or the
BRU-A valve, which is not qualified for water flow, may fail to reclose. Insufficient emergency operating
procedures to cope with these scenarios would endanger the risk of core damage and radioactive release
to the environment. These beyond DBA scenarios and their consequences have not been analyzed in
sufficient detail so far.

Compensatory and interim measures have been implemented at all steam generators of operating
plants which have been effective except for one case of damage which occurred at the Balakovo NPP in
1995. Further careful observation of steam generator integrity is necessary until the root cause is fully
established and the issue completely resolved.



3. STATUS

As of September 1995,19 units of the WWER-1000 type (7 units in Russia, 10 in Ukraine and 2
in Bulgaria) with a total operating experience of more than 150 years were in operation with 76 steam
generators PGV-1000. Another WWER-1000 unit was put in operation in autumn 1995. There are 2
modifications of WWER-1000 steam generators, PGV-1000 and PGV-1000M, which differ only in the
support structure. PGV-1000 support is a steel structure and was installed at Novovoronezh 5, Kalinin 1
and South Ukraine 1. All other WWER-1000 plants have PGV-1000M steam generators, support of which
is a concrete structure. Otherwise, there is no difference in the PGV-1000 and PGV-1000M design. Table
I provides information on the PGV-1000 design characteristics as well as on the WWER-440 steam
generator, PGV-440, and on the modified design of the WWER-1000 steam generator, PGV-1000U. In
Figs 1 and 2 a lateral view and a cross-section of the PGV-1000 are given.

In the period from 1986 to 1995 cracks have been revealed in the ligaments between tube holes on
the cold collector in 25 steam generators at 9 units. Operating time before detection of this damage has
varied between 7000 and 60,000 hours for the affected steam generators. More detailed data on the
occurrence of the damage are given in Fig. 3 and Table II.

So far cracks have been detected only in the cold collector. Indications have been also reported for
the hot collector. Examination by motor-driven rotating pancake coil (MRPC) did not, however, reveal any
cracks.

In June 1995 during the planned in-service inspection of steam generator No. 3 of Balakovo Unit 2,
indications were detected in six ligaments located next to each other with extension through the thickness
from 20 to 100 mm. The indications were classified as cracks. The collector was repaired using a specially
developed technique. The repair technique for collector ligaments is shown in Fig. 4. The scope of
implemented improvements at Balakovo plant is given in Table HI along with the status of steam
generators and scope of improvements implemented at other WWER plants.

According to the information available, on all steam generators that experienced collector ligament
cracking, an explosive process has been implemented to expand the tubes into the collector opening. The
chemical composition and mechanical properties of the collector material (specifications for low alloy
carbon steel 10GN2MA) are given in Tables IV and V. It should be noted that the steel used, in all cases
where cracking was experienced, has been produced by the hearth furnace process. Since the beginning
of 1988 only steel produced by electroslag remelting has been used for the manufacturing of collectors.
For Temelin plant double vacuum smelting has been used.

No manufacturing induced discontinuities beyond applicable limits (inclusions, lamination,
structural anomalies, etc.) have been discovered during destructive examinations performed on damaged
collectors. However, as a result of the examination made, in particular due to the MnS inclusions found,
it was recommended to replace the originally used open hearth furnace steel making process with
electroslag remelting.

It has been reported that the number of tubes explosively expanded simultaneously and the
expansion sequence varied between manufacturers and among individual steam generators. Available data
are given in Table VI.

Stress analysis indicates, that the stress values under the design condition were within the limits set
by the Russian standards. However, it is believed that the expansion induced residual stresses, in
combination with the operational stresses, exceed the limits for this type of material in a corrosive
environment.
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TABLE I. HORIZONTAL STEAM GENERATORS DESIGN DATA

Thermal power

Steam capacity (design)

Pressure of steam generated

Steam temperature

Feedwater temperature

SG inlet coolant temperature
SG outlet coolant temperature

Coolant flowrate

Coolant pressure

Coolant velocity in tubes

Average heat transfer factor (with allowance for
pollution)

Mean logarithmic temperature

Specific heat flux (average)

Total heat exchange surface

Total number of tubes

Diameter and thickness of tubes

Tube length (average)

Pressure loss along the coolant path

Reduced outlet steam rate from the evaporation surface

Steam humidity at SG outlet

SG vessel material

SG collector material

Heat exchange tube material

SG collector dimensions in the perforated area:
— inner diameter
- wall thickness

Hole array in the header perforated area:
- min. ligament (primary side)

number of horizontal rows
number of tubes in a horizontal row

Tube array in SG tube bundle, array pitches:
- along the vertical axis (S2)

along the horizontal axis (SI)

Submerged perforated sheet

SG circulation

Void fraction

MW

kg/s

MPa

"C

°C

°C
°C

m'/h

MPa

m/s

kW/m2K

°C

kW/m2

m2

pc

mm

m

MPa

m/s

%

-

-

-

mm
mm

mm
pcs
pcs

mm
mm

-

-

%

PGV-440

229.2

125

4.61

258.9

164-223

295
267

7100

12.26

2.71

4.7

18.7

89.23

2576.6

5536

16x1.4

9.26

0.075

0.240

0.25

22K

08Chl8N10T

08Chl8N10T

800
136

11.34
77
88

corridor
24
29.5

absent

4.6

0.32

PGV-1000M

750

408.33

6.27

278.5

164-220

320
290

21200

15.7

4.21

5.4

22.9

123

6115

11000

16x1.5

11.10

0.126

0.382

0.2

10GN2MFA

10GN2MFA*

08Chl8N10T

834
171 (inc. cladd)

6.93
110
120

staggered
19
23

installed

1.5

0.493

PGV-1000U

750

408.33

6.27

278.5

164-220

320
292

21200

15.7

4.91

6.1

24

141

5126.6

9157

16 x 1.5

11.14

0.169

0.382

0.2

10GN2MFA

08Chl8N10T**

08CM8N10T

780
198

9.75
94
112

staggered
22.1
23

installed

1.9

0.485

* cladded from primary side.
** the stainless steel is used for perforated area only, i.e., there are 2 dissimilar welds per collector.
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TABLE II. DATA ON PGV-1000 COLD COLLECTOR DAMAGES AS OF SEPTEMBER 1995

Plant

South Ukraine
Unit 1
(First replacement)

South Ukraine
Unit 2
(First replacement)

South Ukraine
Unit 2
(Second replacement)

Novovoronezh
Unit 5

Zaporozhe
Unit 1

Zaporozhe
Unit 2

Balakovo
Unit 1

Balakovo
Unit 2

South Ukraine
Unit 1
(Second replacement)

Zaporozhe
Unit 3

SG start of service

December 1982

January 1985

November 1987
August 1987

May 1980

December 1984

July 1985

December 1985

March 1987
March 1987

November 1989

December 1987

SG collector damage
detection

August 1988

October 1986
February 1987

March 1989
July 1989

June 1988

December 1988

May 1989

November 1989

December 1990
June 1995*

October 1990
September 1991*

October 1991

Number of SGs with
damaged collectors

2

4

1
1

4

2

3

2

1
1

1
1

2

Lifetime
Kfhrs

39-43.0

11.7-16.9

13.2

58.8-59.1

26.0

15.3

24.9

23.6
50

7.0
12.7

34.4

* the steam generator collectors were repaired at the plant, not replaced.

Number of damaged SGs by years:

1986
1988
1990
1992
1994

- lpc .
- 8 pcs
- 2 pcs
- 0
- 0

1987
1989
1991
1993
1995

- 3 pc.
- 7 pcs.

- 3 pcs
- 0
- 1

Total number - 25 pcs.
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TABLE III. STATUS OF WWER-1000 STEAM GENERATORS (SEPTEMBER 1995)

Plant

Novovoronezh 5

South Ukraine 1

Zaporozhe 1

Kalinin 1

S. Ukraine 2

Balakovo 1

Zaporozhe 2

Zaporozhe 3

Kalinin 2

Balakovo 2

Balakovo 3

Zaporozhe 4

Rovno 3

80

0
(Z)

81 82

0
(Z)

83 84

0
(Z)

0
(Z)

85

0
(Z)

0
(Z)

0
(Z)

86

0
(Z)

0
(Z)

87

R
(Z)

0
(Z)

o
(Z)

0
(A)

0
(Z)

88 89

R
(A)

R
1,2,3

(A)

R

(Z)

R
(Z)

90

R
2(A)
2(Z)

R
(A)

91

R
4(Z)

R
(Z)

R
1(A)

92

lr
(A)

R
(A)

93 94 95

Ir
(Z)

TOOP
(h x 1000')

41

1:38
2:38
3: 30.9
4:21

39

70

27.5

32

32

20

53

1: 50.7
2:27
3: 50.7
4: 50.7

44.5

52

58.5

EXP.

b,p

1,2,3
b,p
4a

CP

b,P

a

3b,p
lc

3b,q
lc

c,q

b,p

b,p

b,p

b,P

b,p

LNG

d

d
d

e

e

d

3e
Id

e

e,d

e

e

e

e

e

LTHT

hg1

h
g

k

h

g's

g

h

g

h

li

h

h

h



TABLE III (Cont.)

Plant

Khmelnitsky 1

Kozloduy 5

South Ukraine 3

Zaporozhe 5

Kozloduy 6

Balakovo 4

80 81 82 83 84 85 86 87 88

0
(A)

0
(Z)

89

0
(Z)

0
(Z)

90 91

0
(Z)

92 93

0
(A)

94 95 TOOP
(h x 1000')

52

41

40

40

25

13.5

EXP.

b,p

b,p

b,P

b,p

b,q

b,q

LNG

e

e

e

e

e

e

LTHT

h

h

h

h

gh

Russia: 7 units
NovoVoronezh (1)
Kalinin (2)
Balakovo (4)

Bulgaria: 2 units
Kozloduy (2)

Ukraine: 10 units
S. Ukraine (3)
Zaporozhe (5)
Khmelnitsky (1)
Rovno (1)

o
R
r
'number'
A
Z
TOOP

startup of plant
replacement
repair
SG number
Atommash Volgodonsk
ZIO Podolsk
time of operation (in thousand of hours)

EXP expansion:
a hydraulic
b explosive
c dry explosive
p not completely expanded
q additional expansion

LNG collector loosening:
d loosened at shop
e loosened at NPP

LTHT low temperature heat treatment
gperformed before startup

g' performed
s performed at shop
h performed at NPP
i not performed



TABLE IV. COMPOSITION OF STEEL 10GN2MFA IN LINE WITH STANDARD ELEMENT MASS CONTENT, %

Carbon

0.08-0.12 + 0.02

Silicon

0.17-0.37 ±0.05

Manganese

0.80- 1.10 ±0.10

Chromium

5 0,30

Nickel

1.8-2.3-0.1

Molybdenum

0.40 - 0.70 ± 0.08

Vanadium

0.03 - 0.07 ± 0.01

Copper

<0.30

Sulphur

< 0.020

Phosphorus

5 0.020

TABLE V. MECHANICAL PROPERTIES OF 10GN2FMA STEEL (REQUIREMENTS)

T = 20°C

Ultimate
tensile strength
MPa
(kgffmm2)

£ 539 (55)

Yield strength
MPa
(kgf iW)

;> 343 (35)

Reduction of

area

%

£55

Elongation

%

2:16

Impact
toughness
KCV, kJ/m2

(kgf.m/cm2)

£ 392 (4.0)

T = 350°C

Ultimate
tensile strength
MPa
(kgfymm2)

i 490 (50)

Yield strength
MPa
(kgffmm2)

;> 294 (30)

Reduction of
area
%

£ 5 0

Elongation
%

£ 14

T = -10°C

Impact
toughness
KCV, kJ/m2

(kgf.m/cm2)

£ 245 (2.5)

Bend test in
cold state for
90° angle,
mandrel
diameter at
specimen
thickness "a"

ä d = 2a

Note: Transition temperature is less than +15°C.



£ TABLE VI. PERFORMANCE OF STEAM GENERATORS EXPLOSIVE EXPANSION

Manufacturer

ZIO

ZIO

ZIO

Atommash

No. of charges exploded simultaneously

60

120

230

400

No. of SGs in operation

8

23

15

17

No. of damaged SGs

4

16

2

2

Note: Atommash started SG production in mid-eighties and at present there is no work under way whereas at ZIO Podolsk PGV-1000U are being manufactured as well as existing PGV-1000M being repaired/modified.

TABLE VII. SECONDARY WATER CHEMISTRY REQUIREMENTS

CI-[ug/kg]

pH at 25°C

y [uS/cm]

Na+[ug/kg]

Feedwater

1973

£ 2 0

6.5-7.5**

£4**

-

1977

< 5**

9.0-9.2

£4**

-

1981
8.05-PR
-2298

£5**

7.5-8.5*
8.5-9.2

£0.3*
£0.5

-

1985
OST 34

-37-769-85

-

8.8-9.2

£0.3

-

1990
Tentative
standards

-

8.8-9.2

£0.3

-

Blowdown water

1973

500-1000

7.0-8.5**

£ 10**

-

1977

£ 1000

7.0-8.5**

£ 10**

-

1981
8.05-PR

-2298

£500
£ 1000

7.0-8.5**

<2.0*
£5.0

-

1985
OST 34
-37-769

£500

7.8-8.2

£3.0

£ 1000

1990
Tentative
standards

< 150

8.0-9.2

£5.0

£300

Notes: y - electrical conductivity
* - with condensate polishing
*• - as per specifications for PGV-1000



The same expansion technology was used for the manufacturing of the steam generators for
WWER-440, except that a different material, stainless steel 08Chl8N10T, was used. Further, the
operating temperature is lower. No similar problem has been reported for steam generators of
WWER-440 plants (for the perforated part of the collectors).

In all cases when cracks have been revealed in the WWER-1000 steam generators, they were
located in the area of the vertical axis passing through the top of the non-perforated wedge and were
initiated from the secondary side. Detailed information as to the crack location in different steam
generators is provided in Appendix I.

According to the destructive examinations performed on replaced steam generator collectors, 3
types of collector ligament cracks can be defined (see Fig. 5):

Satellite cracks:

width: up to 0.1 mm
length: up to 1 mm

Planetary cracks (between two adjacent holes):

width: 0.2 to 0.5mm
length: up to full thickness of ligament
depth: up to 30 mm

Arterial cracks (through several ligaments):

length: up to 1000 mm
width: more than 0.5 mm
depth: up to 171 mm (wall thickness including cladding)

The crack propagation rate is not completely known at present. The maximum crack propagation
rate observed until now accounts for six ligaments within one operating cycle. The shape of a large
crack bridging several ligaments is conical, opposed to the usually expected elliptical form. The critical
crack length has been estimated to be more than 1000 mm. The cracks could be found using eddy
current examination.

Steam generators with cracked collectors are normally replaced, except for two cases where
damage was repaired.

Since 1989, a number of modifications have been introduced in the steam generators or in their
operational condition:

- Modification of the steelmaking process, i.e. electroslag remelting instead of open hearth
furnace.

- Additional mechanical rolling to eliminate crevices between tubes and the collector (not
implemented on steam generators in operation).

- Loosening of the collector head by removal of material in the contact area.
- Low temperature heat treatment (LTHT) of collector material for stress relieving in the

perforated zone.
- Chemical cleaning of the steam generators' heat transfer area (only at Kozloduy NPP Unit 5).

Modification of feedwater distribution and blowdown systems.
- Modification (provisional) of the feed and blowdown water chemistry specifications, (Table VII).
- Introduction of collector ligament non-destructive examination by eddy current testing during

outages. At present, 25% of ligaments of operating steam generators are inspected annually.
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- The explosive expansion process has been replaced by hydraulic expansion.

A repair was performed on the cold collector of the steam generator No. 3 at Balakovo Unit 2,
cracked between seven neighbouring ligaments. Since then, the steam generator has been in operation
for more than three years and no additional cracking was revealed in the surrounding ligaments.

Although collector cover damages due to studs and nuts corrosion have been reported in
WWER-440, it is confirmed that no cover damage has occurred in WWER-1000 to date.

According to the available information, the causes of the collector damage are faults and hidden
defects from fabrication, defects in the weld seam between tube and collector, corrosion in the crevice
between tube and collector and on free span under deposit layers. Pitting mode is reported as corrosion
occurs on secondary surface of cold leg side.

Tube inspections are conducted with not only bobbin coil eddy current testing but also with
motor driven rotating pancake coil.

According to some examples, 50% of steam generator tubes are inspected during one year with
eddy current testing.

As for the tube degradation, some indications have been detected by eddy current testing. Total
view of tube degradation has not been summarized. The number of plugged tubes at Zaporozhe and
Kozloduy NPPs are shown in Table VIII. Location of plugged tubes are shown in Appendix II.

TABLE VIII. NUMBER OF PLUGGED TUBES AT KOZLODUY AND ZAPOROZHE NPP

SG

1
2
3
4

Kozloduy S

8
13
6
2

Kozloduy 6

3

1
-

Zaporozhe 4

S
7
9
3

For repair of damaged tubes, welded plugs and Westinghouse type mechanical plugs are used.
About 7500 mechanical plugs have been installed at Kozloduy site for WWER-440 and WWER-1000
steam generators.

Strategy for steam generator replacement

The following approach was adopted in Russia on determination of steam generator residual life:

- for steam generators manufactured according to the original technology, for which improvement
measures were implemented during operation, residual life is determined based on the status of
steam generator collector damage;

- for steam generators manufactured according to the original technology for which improvement
measures were implemented before operation, the design lifetime of minimum 60000 hours was
determined;

- the design lifetime of steam generator manufactured according to the new technology is 30
years.

Technology of repair of the steam generator collectors was developed, validated and
implemented at the South Ukraine NPP Unit 1 in 1991 and Balakovo NPP Unit 3 in 1995. It is
expected that the repair of the collectors will be performed in the cases of the defects in 5 to 10
ligaments maximum.
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Steam generators manufactured according to the new technology will be used for replacement
of defective ones.

A complete set of steam generators PGV-1000U with collectors made from 08Chl8N10T steel
in perforated area will be manufactured in 1996. This type of steam generator is planned to be used
for possible replacements. It will be also used for new plants with WWER-1000 reactors.

4. CAUSE ANALYSIS FOR COLLECTOR CRACKS

The investigation of the cause of failure and of corrective measures addressed the following
areas:

- study of the applied steam generator manufacturing process in terms of residual stress estimation
and steam generator defect evaluation;

- study of steam generator operational loads (pressure, temperature, steam generator level
variation);

- investigation of the collector stress strain state, taking into account all the effects;
- investigation of steel 10GN2MFA properties, taking into account the manufacturing history,

factors and conditions of loading and operating medium effect;
- water chemistry conditions analysis and their effect on collector cracking and crack

development;
- development of technology and measures of restoring clearance between the collector head and

steam generator vessel flange, of collector low-temperature heat treatment and tube additional
expansion at the manufacturer's and NPPs;

- development and implementation of measures for steam generator collector integrity monitoring
at the manufacturer and at NPPs;
development and validation of processes technology for repair of damaged collectors;
development of new structural materials for PGV-1000 steam generator collectors;

- development of steam generator design modifications;
- investigation of the effect of tube expansion technology on the fracture behaviour of ligaments

and on the level of residual stresses on the surfaces of holes for heat exchange tubes;
- calculation of the stress intensity factor K, for two cracked ligaments at nominal operational

conditions of the plant;
probabilistic analysis to determine probability of small (< 30 mm) and large (>100 mm) LOCAs.

4.1. FRACTURE MORPHOLOGY

Investigations by metallographic and electron microscopic methods revealed the following
characteristics:

- Crack initiate usually at the tip of the crevice between the tube hole and the non-expanded tube
area (secondary side) in ligaments near the non-perforated zone (V-configuration) and near
non-perforated path from corrosion pits. The distribution of cracks is not random.

- Direction of the initial crack growth is through ligaments. Further growth occurs through
collector wall thickness.

- In the initial phase the fracture has a mixed intergranular and transgranular morphology. The
further growth of crack in ligaments is transgranular (Fig. 6).

- The crack grows through to the inner surface of collector (stainless steel cladding) only after
cracking of several ligaments occurs. Cracking of the cladding has ductile appearance if it
occurs.

- Laboratory tests at Vitkovice on non-deformed and up to 20% cold deformed material in high
temperature aerated water have shown that pitting is initiated at the site of MnS inclusions in
the low alloy steel 10GN2MFA used.
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4.2. MATERIAL RELATED ASPECTS

The steel 10GN2MFA was approved for use as a structural material for NPP equipment by the
former Soviet Union Gosatomnadzor in 1974, after qualification tests met the requirements set out.

Starting from 1987 several explanations of causes and mechanisms of collector damage have
been proposed: corrosion cracking at low strain rate; plasticity reduction by degradation due to
technological procedure (drilling, explosive expansion, strain ageing, hydrogen embrittlement, and
damage accumulation at quasi-static strain owing to low temperature creep in corrosive operating
medium). Extensive metallurgical investigations of steel 10GN2MFA have been carried out, including
the studies of samples taken from damaged steam generator collectors. The investigations carried out
in Russia led to the following results:

- plasticity degradation of the surface layer in the hole occurs due to hole drilling and explosive
expansion and results in specimen cyclic life reduction during tests in water. Preliminary
conditioning at different temperatures affects the cyclic life; results of cyclic strength tests of
ligament metal specimens in water showed that after conditioning at cold leg collector
temperature for 1000 cycles a net of cracks appeared but after conditioning at the hot collector
temperature for 10,000 cycles the specimens did not suffer cracking (Table IX);

- stress strain diagram of tensile specimen made from original (non-degraded) material at the cold
collector temperature (280°C) has a significant peak of creep showing the tendency to strain
ageing; it was not seen at similar specimens at temperature of 320°C (Fig. 7);

- strain ageing is characterized as transition temperature increase by 30-60°C and impact
toughness reduction at cold collector temperature by 40%;

- drop of characteristic reduction of area appeared in a typical CERT test (constant strain rate test)
with as received material at the temperature of 270°C, i.e. close to the cold collector temperature
(Fig- 8);

- steel 10GN2MFA is susceptible to slow strain corrosion cracking in water temperature at 230
to 290°C and strain rates of 10"6 to 10"7 s1 (Fig. 9). In the temperature range of 230 to 320°C
the correlation F = f(t) is minimum at 250 to 270°C. In the temperature range investigated there
is a critical oxygen concentration leading to brittle failure for each temperature value (Fig. 8);

- the behaviour of this material under these loading conditions is principally confirmed by
investigations of western laboratories, see Fig. 10. This behaviour does not depend on the type
of material within this material group; it is typical for unalloyed and low alloy steels;

- when the not expanded zones within the tube holes in specimens taken from damaged steam
generator collectors were examined, multiple corrosion cracking of practically all holes was
detected in cold collectors at the most stressed locations over the wedge and also on the central
axis where the stresses were substantially lower. In the hot collector holes, a significantly lower
number of hole edge defects like corrosion pits or pitting with severely corroded tips were
detected. Microcracks at cold and hot collectors are of different character (Figs 11 and 12);

- both the drilling and explosive expansion cause a degradation (about twice) in local plasticity
and a significant (up to 40%) increase in surface hardness;

- the collector metal in the ligaments is subject to residual stresses (secondary); they are quite
significant, equalling up to 30 kg/mm2, dislocation density is increased by an order compared
to initial state and is approximately 10'° cm"2;
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- long time exposure of cold work hardened strained collector metal to the temperature of 290°C
results in only low relief of residual stresses. With LTHT at a temperature of 450°C, a
significant relief occurs (Fig. 13);

- open hearth furnace melted collector metal has local impurity concentrations, including
manganese sulfide which have deleterious effects during hydrogen cracking as well as during
anode cracking. Use of the electroslag melting process for melting of the 10GN2MFA steel
allows to enhance considerably the resistance to corrosion cracking at cold collector working
temperature in the wide regions of pH values and strain rates (Fig. 9);

- correlation of data on hydrogen ion concentration (pH) with time before cracking demonstrated
increased susceptibility to cracking of the steel 10GN2MFA at low pH values. The higher
sensitivity of this steel to steam generator water chemistry and its deviations, indicates the
governing role of water chemistry in case of unsatisfactory operation of water supply path, fresh
water leakage, ion-exchanging resin intrusion etc. (Fig. 14);

- effects of hydrogen diffusion lead to substantial decreases of strength and plasticity (by 3-4
times);

for steel 10GN2MFA loaded beyond the yield point, that is, being actually in the plasticity
region, the process of low temperature creep is of great importance for the slow quasi-static
strain. The investigation is continuing.

TABLE IX. CYCLIC STRENGTH OF LIGAMENT SPECIMENS

Conditions of loading:
Frequency - 15 cycles/min
Initial strain - 0.4%
Asymmetry factor - 0.3%

In air

In 3% solution of NaCI

Tempering temperature

300°C 350°C 450°C

10 000 cycles
no cracks

1000 cycles
net of cracks

10 000 cycles
no cracks

The new data obtained lead to the conclusion that the steel 10GN2MFA, at the temperatures at
which the cold collector operates, has unfavourable properties previously not known. These were not
revealed during the standard qualification testing prior to the decision to use this material. The
properties discussed appear only under a combination of process history of the metal, manufacturing
(residual) and operating loads and of water chemistry. Together with investigations of other trends,
the studies of steel 10GN2MFA have shown that a mechanism of steam generator cold collector
ligament damage was not known before in the Russian steam generator fabrication industry. The
damage, occurring under the conditions of slow strain related to low temperature creep, is dependent
on metal local strength and plasticity resulting from interaction of high residual stresses and operating
load stress fields in secondary circuit and on the water chemistry. The damage becomes active in a
narrow range of combination of non-linear effects close to the cold collector operating conditions.

The damage mechanism seems to be to some extent comparable to strain induced corrosion
cracking (SICC), observed in low carbon steel piping of boiling water reactors in western countries;
there, of course, the oxygen content plays a significant additional role. In WWER reactors with
expected low oxygen level, a low pH value might play a similar role. The preconditions for this strain
induced cracking are the simultaneous occurrence of low alloy steel, low strain rates with stresses
being sufficient to cause plastic deformations, high oxygen content and temperatures between
approximately 150 and 300°C. In all cases failures are connected with additional loadings, e.g.
pipe-whip restraints which introduce strain, welding flaws leading to notch effects, or stress
concentrations in connection with pitting.
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The SICC is judged to be determined by an anodic dissolution process and re-passivation at the
crack tip (Figs 15 and 16). Unalloyed and low alloy steels in high temperature water form a protective
coating (magnetite), which is resistant to global and local corrosion under normal BWR and PWR
conditions. This coating has only low ductility (because of its oxide structure) and breaks at strain
values far below the yield strength of the base material. It is thought that the crack initiation process
begins by the breaking of the magnetite protective layer as a result of slow strain changes during
operation. Corrosion attack can then occur (pitting accelerated by locally higher conductivity and the
electro-chemical effect of copper) providing further stress concentration. Crack propagation during cold
shutdown occurs, probably by low frequency mechanical loading (e.g. during startup). This is
exacerbated by oxygenated high temperature water. The effect is further accelerated in case of existing
MnS inclusions.

The 10GN2MFA steel produced by Vitkovice1 for steam generator's collectors and shells was
double vacuum treated to minimize the gas concentrations and secure a homogeneous chemical
composition. Steps were taken in all heats to keep down the contents of impurity elements. The highest
phosphorus and sulphur contents recorded were 0.012%, the average for 32 heats of steel being
0.0082%S and 0.0105%P. Investigations of the factors affecting environmentally assisted cracking of
the steel made in Vitkovice revealed that:

- Operating temperature of collectors correspond to the upper shelf region of fracture behaviour
of 10GN2MFA steel.

- Tube expansion technology doesn't affect fracture behaviour of ligaments either at 290°C or at
330°C.

- Corrosion potential and hence dissolved oxygen level affects significantly resistance of
10GN2MFA steel to stress corrosion cracking. It is possible to stop the growing crack by
lowering the electric corrosion potential to the level of -0,240V with respect to hydrogen
electrode.

- Fracture resistance (R-curve) is significantly lower in high temperature oxygenated water
compared with that in air.

- Provided that the dissolved oxygen content was kept below 10 ppb (109), no effect of water
environment on fracture behaviour was found.

- Strain ageing of 10GN2MFA steel affected neither the threshold value K ,̂ nor the dependence
of the fatigue crack growth rate on AK.

- Fatigue crack growth rates in air at 295°C were found to be higher than those at room
temperature.

- When the oxygen level was less than 15 ppb, no effect of water environment on fatigue crack
growth behaviour was observed at the temperature of 295°C.

- A reasonable agreement between anodic dissolution/film rupture model proposed by Ford and
Andersen and experimental data obtained at 295°C was noted.

- Oxygen content dissolved in water affects significantly the kinetics of fatigue crack growth at
temperature higher than 200°C.

- Lowering oxygen content dissolved in water below 15 ppb resulted in a significant dependence
of fatigue crack growth kinetics on water temperature.

- Anodic dissolution at the crack tip and hydrogen embrittlement of material ahead of the crack
tip are the main mechanisms responsible for fatigue crack growth rate enhancement in water.
The temperature of 200°C seems to be the crossover point between the dominance of hydrogen
embrittlement and anodic dissolution mechanisms for low alloy steels.

1 Vitkovice is the manufacturer of steam generators for Temelin NPP, WWER-1000/320. Some
modifications were incorporated in this model as compared to the original Russian design. No other WWER-
1000 steam generators were supplied by Vitkovice to date.
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4.3. DESIGN RELATED ASPECTS

The design of steam generator PGV-I000 was based on experience from WWER-440 reactors.
It was assumed that PGV-1000 have already had some well known prototype, kind of a large scale
model. The collector structure of both steam generators equals in principle; both collectors have a
non-symmetrical perforation zone. The explosive expansion technology was also used on steam
generator PGV-440. The main difference is in the structural materials used. Reasons for using
10GN2MFA steel for steam generator PGV-1000 design have been described earlier in this report.

Study of the collector stress strain state was carried out by OKB Gidropress in the following
directions:

- development of new calculational methods;
- calculation and experimental investigations at models and standard structures;
- probability study of large scale collector damages.

PGV-1000 strength calculations for the operational conditions were performed in line with the
valid requirements of applicable standards and met them for all the spectrum of design conditions.
Calculated stress values were corrected on the basis of experimental data.

Analytical and testing results of collector stress strain state demonstrated that collector thermal
stressed state due to operational loads (not considering the manufacturing residual stress) met the
standard's requirements through all the design service life.

Model tests and investigations showed that the stress concentration factor in the total perforation
area is 1.2 and in the peak of the wedge 1.3. Tube length difference leads to primary water
temperature difference at the tubes outlet approximately 7°C over the collector's half perimeter
(measured on inner diameter of collector). The effect of such a value on stress strain state is judged
to be not significant.

The possibility of hydraulic shock caused by reactor coolant pumps (RCP) disconnection has
been studied.

The largest pressure drop of 0.35 MPa was recorded at the RCP collector on simultaneously
deenergizing all RCPs. The pressure signal did not last more than 30 seconds.

During RCP deenergization, there are no hydraulic effects other than those considered in the
design.

In case of RCP jamming, the introduced disturbance is an extremely rapid one. The maximum
pressure increase in this case is 1.0 MPa at RCP suction and 0.2 MPa at the reactor outlet and 0.42
MPa at the steam generator inlet.

Probability of large scale collector damage was analytically investigated at the models, the load
bearing capacity of the collector with a through wall crack in the perforated area was also evaluated.
Evaluation of the main crack opening validated the statement that the primary-to-secondary leak is
equivalent to a diameter of 100 mm for cracks up to 1000 mm long. The collector damage will
inevitably give rise to failure of the tube seal welds, and the subsequent leakage to the secondary side
will be detected as an increase in water activity by the installed diagnostic instrumentation.

Calculational and experimental studies of crack opening in the collector and the dimension of
its cross-section are used to justify the steam generator safe operation.

Probabilistic safety analysis performed show that "leak-before-break" behaviour is applicable for
steam generators at least for the first half of the design life (design life of 30 years). Probability of a
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small leak (30 mm eq. diameter or less) is 3-4 orders higher than the large one (100 mm eq. diameter
or more). This result is probably pessimistic for it is based on the data of the first detected damages
prior to implementation of integrity oriented inspection of ligaments. These calculations will be
evaluated with regard to the state of collector metal. Computational and experimental studies to
determine leakage value for typical cases of through wall cracks with large extension have been
performed.

Operating instructions for the case of large primary-to-secondary leak within the steam generator
boundaries have been developed. Analysis of crack initiation and extension shows that this process
does not occur instantaneously, it develops in time. On the other hand, the critical length of a through
wall crack constitutes the value equivalent to several tens of ligaments located next to each other. It
is confirmed by practice that in the process of reaching such crack linear dimensions, at least tightness
of seal welds of heat exchanging tubes will be lost. In this case plant will be shutdown by the increase
of radioactivity in steam generator water or by exceeding the rated value of primary-to-secondary leak
(less than 5 litres/h).

Collector vibrational load were studied by stress and vibrational displacement measurement at
operating plants. The collector vibration and dynamic stresses in welds were measured both for
collectors constrained by contact with the steam generator shell and not constrained collectors.
Different combinations of operating RCPs at different stress and temperature levels (from the plant
cold state up to the nominal operational parameters) were investigated.

The results of the measurements showed that vibration of unconstrained as well as constrained
collectors is forced by and appears mostly at frequencies generated by RCP coolant flow in the
primary circuit. No effects of collector self exciting vibration were detected. Comparison of the results
of measured strain at constrained and unconstrained collectors indicates, that the level of static and
dynamic loading in collector-to-steam generator weld section does not really change. Removing
constraint did not lead to the increase in tubing vibration.

On the basis of the design analysis, as a measure to improve the collector's stress strain state a
smoothening of the wedge profile was proposed and realized on those steam generators where it was
possible with a reduction in the stress concentration coefficient by about 15%. Perforation asymmetry
relative to vertical axis through the wedge peak was removed. As shown lately, these measures have
not proved effective against stress strain state.

4.4. FABRICATION RELATED ASPECTS

Steam generator PGV-1000 manufacturing technology and quality control are the same as for
steam generator PGV-440. When analyzing the fabrication aspects, the technological process of
explosive tube expansion was taken into consideration first of all.

In the initial manufacturing method, case 1 of Table X, the tubes of one half of the collector
were first expanded and then on the other half of the collector. Each explosion ensured expansion of
a semicircle of four horizontal rows of tubes uniformly distributed along the height (spacing 23-24
rows). The total number of simultaneously expanded tubes would not exceed 400.

A new expansion process was introduced, case 2, where the order of expansion was similar to
case 1, but explosions led to expansion of tubes in one half and then in the other, that is the sequence
closer to symmetric one.

Later, an asymmetric order of tube expansion by vertical rows was adopted, case 3. In this case
the tubes were expanded simultaneously in four vertical rows located opposite each other in both
halves of the collector.
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A further method, case 4, was tested. The charge was put into every third tube in each row
which did not yield the expected effect on collector strain. Then a process with "dry" charges, case
5, without rigid transferring medium and expansion sequence was also tested. The collector strains
decreased but were still high.

The case 6 of Table X is related to hydraulic expansion.

Measurements taken before and after expansion showed that for the processes used the sequence
of explosive tube expansion did not significantly affect the collector stress strain state.

TABLE X. COLLECTOR STRESS-STRAIN STATE FOR DIFFERENT TECHNOLOGIES OF TUBE
EXPANSION

Tube expansion

Standard asymmetric (case 1)

Standard symmetric (case 2)

Vertical rows (case 3)

Spacing rows (case 4)

With dry charge (case 5)

Hydraulic expansion (case 6)

Collector
final state

contact

.».

.«.

.».

loose

Dimension variation, mm
Length of perforation

Axis I

+9.6

+11.1

0

+9

+6.3

Axis III

+6.3

+5.2

0

+6.7

+5.5

0.5

Diameter °

+1

0

+4.6

0.5

0

0.5

Flange
deviation, mm

20*

20*

-

15

8**

-

Maximum
process stresses,

MPa

+740

+830

+(400-600)

+350

+480

5-50

° in the middle of perforation
* by measurements at loose header
*• after loosening

During the tube expansion, collector flange displacement occurred and the collectors got in
contact with steam generator vessel flange of diameter 750 mm. For the residual manufacturing
stresses the contact state resulted in cyclic operational stresses (160 MPa) during each startup of steam
generator and its pressurization. Collectors of steam generators produced by Vitkovice have not the
contact with the steam generator vessel flange after the hydraulic expanding technology; the gaps are
from 5 to 7 mm.

Analysis was carried out using the data on collector strain during explosive expansion. The
results showed that for the collector loose state the conventional elastic process stress level in the
wedge area equal approximately the yield strength of steel 10GN2MFA and for the collector in contact
with the shell it may reach a value twice as high.

Calculations which were performed by Prometey Institute have shown, that explosive expansion
results in high residual stresses (secondary, up to 600 - 700 MPa) in the tip of the crevice between the
tube and the collector. Similar results have been obtained at GRS Germany.

Experimental investigation of residual manufacturing stresses in PGV-1000 collectors were
carried out by strain measurements and holography after each process procedure at the manufacturer's
and during loosening of the collector at the manufacturer's or at the NPP.

Comparison of residual manufacturing stresses with the stress level resulting from the operational
loads indicates that the main factor with respect to the stress state in the collector damaged area is the
tube explosive expansion.

Starting from 1990, the explosive expansion was abandoned and replaced by a hydraulic one for
the steam generator under fabrication. The hydraulic expansion technology has been used for all steam
generators produced by Vitkovice.
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Testing of test coupons extracted from the damaged collectors and of multiple tube specimens
simulating the process of collector fabrication demonstrated, that the metal near the hole surface is
work hardened (up to 70%), its structure is deformed and its local plasticity properties degraded (yield
strength approaches the ultimate strength, reduction of area decreases approximately by half). It has
also been determined that when the collector ligament metal is loaded by the residual stresses up to
the value of 30 kg/mm2, dislocation density increases by an order as compared to initial state and is
1010 cm'2.

The investigations demonstrated possibilities to increase lifetime by the hole drilling process
modification and by the collector low temperature heat treatment (LTHT) at 450°C. The LTHT
conditioning process was validated and recommended as an effective measure to relieve residual stress
and partial plasticity recovery. LTHT increases cyclic strength of cold work hardened layer, and
provides for 60-70% relief of residual stress.

Investigation of metal test coupons taken from the steam generator collector damaged areas of
South Ukraine and Zaporozhe NPPs showed that at the steam generator outlet, the average crevice
depth is 20 mm. The crevice intensifies corrosion and adds to the tensile stress loading of the outer
surface. For these reasons additional tube expansion was recommended. For steam generators
manufactured later but using explosive expansion, additional tube expansion was performed before
they were put into operation.

For steam generators in operation, additional tube expansion was not carried out because of
possible irrepairable damages of tubes by deposit products and absence of reliable sealing.

Collector integrity inspection is one of the most important measures to ensure PGV-1000 safe
and reliable operation. Since 1988 the steam generator ligaments inspection has been introduced at the
manufacturer's and at NPPs by apparatus, which can detect a crack type flaw of 1 mm length. All
newly fabricated steam generators are subject to collector ligaments inspection before shipment. Steam
generator collector ligaments integrity is monitored at NPPs annually during preventive maintenance
and during steam generator unscheduled outages in case the secondary water activity exceeds the
allowable value (3.7 x 102 Bq/1). The apparatus records the coordinates and dimensions of crack like
flaws and can also interpret the abnormal signals (tube ovality, non-uniformity of expansion along the
height). Since 1990, an automated eddy current testing equipment has been introduced in several
plants. The in-service monitoring of steam generator secondary water and turbine steam activity,
periodical instrumental check of ligament integrity no less than once a year ensures timely detection
of cracks in the collector.

In summary, the negative factors leading to collector loading by high residual stresses and partial
loss of plasticity in the course of fabrication have been identified and also measures to improve
collector reliability and life prolongation (collector loosening, tubes additional expansion,
low-temperature heat treatment, replacement of explosive expansion for hydraulic one, ligament
integrity monitoring) have been taken.

Additionally, measurements of the collector stress strain state are carried out by OKB Gidropress
at Zavod Imeni Ordzhonikidze (ZIO), Podolsk for collectors of new design at all stages of
manufacturing (drilling, tube hydraulic expansion, welding). Measurements are performed with the aim
to get information on residual stresses to be taken into account in calculation. Evaluation of stress is
under way.
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5. DAMAGE MECHANISM AND RESULTING RECOMMENDATIONS

5.1. DAMAGE MECHANISM

Collector damage is a complex phenomenon affected by a number of aspects. The fact is
revealed in its peculiarities; only cold collectors are damaged, indicating localization of flaws, collector
ligament rupture morphology, and the damage mechanism itself.

Operational temperature is of major importance for explanation of cold collector damage.
Precisely at the cold collector operational temperature (280-290°C) the medium is especially aggressive
and causes the metal plasticity degradation under the conditions of slow strain observed especially for
10GN2MFA steel melted in open hearth furnace which has the highest sensitivity to stress corrosion
cracking.

The cold collector degrades only under the combined effect of high level stresses (manufacturing
and operational stresses leading to low temperature creep and slow plastic strain) and of the corrosive
medium. The corrosive effect increases significantly with plastic strain and with the reduction of pH
in the crevice between the tube and the collector wall at cold collector temperature.

The deposition process, different for hot and cold collectors should be considered as an
important factor affecting the pronounced cold collectors' damage. The deposits in the crevice at the
outlet of tubes from hot collector are like a dense circular belt and at the cold collector they are porous
incomplete formation not preventing the secondary water from entering the gap and undergoing
repeated boiling down (Fig. 17). The deposit was found to have an average Cu oxide content in the
range of 10 to 15%. Therefore, the role of water chemistry in the cold collector damage mechanism
should be highlighted again.

The following points on the damage mechanism are concluded:

- formation of pitting up to a certain size (acting as stress/strain concentrators) supports initiation
of a crack;

- the fracture morphology could be reproduced only by low strain rate tests (CERT tests) at high
temperature in oxygenated water of low medium pH value;

- this fact leads to the basic conclusion that the general damage mechanism is an environmentally
assisted cracking;

- laboratory tests in different laboratories in Russia (Prometey, CNIITMASH) confirm the higher
sensitivity of the material to environmentally assisted cracking at temperatures less than 280°C;

- low strain rate loading may occur in ligaments of the collector by the process of low temperature
creep with combined high level combined stresses, exceeding yield strength of the material
(superposition of residual stresses due to fabrication processes and operational stresses);

- a predictive model has been proposed by Prometey Institute on the basis of the assumed damage
mechanism, confirming location of initiation and time to failure which helps to understand the
concentration of the failure process of the cold collector;

- the predictive model of collector damage (Fig. 18) is based on the analysis of the process of the
metal deformation with low strain rate at the most loaded points of collector ligaments taking
into account the field of residual stresses after tube expansion, stresses due to operational
loading, experimental data on low temperature creep of collector material (Fig. 19), test results
of collector material at low strain rate (Fig. 20). The collector damage and lifetime assessment
approach is illustrated in Fig. 21. The model includes surrounding collector area and is based
on elastic-plastic calculation of the residual stress fields in ligaments after tube expansion by the
finite element method (the calculation is performed using dynamic approach for the case of tube
explosive expansion);

- elastic-plastic calculation of interaction of residual stress fields and operational loading by the
finite element method;
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- calculation of the values and rates of deformation at the most loaded points of ligaments using
elastic-plastic approach;

- calculation of the damage of the collector material and the time before appearance of initial
cracks in ligaments indicate, that:
• the highest level of the residual tensile stresses after tube explosive expansion is observed in

the tip of the crevice (Fig. 22);
• interaction of the residual stresses and operational stresses significantly increases the total

level of stresses and results in low strain rate deformation of collector material by low
temperature creep during operation (Fig. 23); Figs 24 and 25 show results of damage and
estimated service life calculation;

- existence of Cu deposits from condenser and feedwater low pressure preheater tubes can
accelerate damage mechanism by increasing the corrosion potential.

Conclusion and recommendation:

The assumed damage mechanism and a predictive model required verification and quantification.
A co-ordinated programme to address this topic is suggested to be established and should be
based on the scientific background elaborated by the involved laboratories.

5.2. MATERIAL RELATED ASPECTS

Low alloy steels are not susceptible to environmentally assisted cracking under defined pure
water conditions. But in water, containing high level of oxygen or low pH value and at low strain rates
or constant loading, low alloy steels are sensitive to damage. Damage process is accelerated by
presence of MnS inclusions in general. To reduce or eliminate the occurrence of intergranular cracking
during subcritical crack growth by environmentally assisted cracking mechanism, it is necessary to
maintain very low level of micro-segregating elements, e.g. phosphorus. The effect of a bimetallic
weld for the design (stainless steel collector) is now under investigation on a full scale model.

Conclusions and recommendations:

1. Steel making technologies reducing sulphur and sulphide inclusions content should be applied.

2. Secondary metallurgical methods (vacuum metallurgy, electroslag remelting etc.) are suitable to
improve considerably the toughness level and resistance to stress corrosion cracking of the steel.

3. The possibility to apply other structural steels to collectors or to its perforated area have been
considered. The special aspects of a bimetallic weld in such an outstanding location (inside the
steam generator) has to be considered very carefully.

4. The qualification programme of steel should include a verification of corrosion and mechanical
properties at low strain rates and under corrosive medium.

5.3. DESIGN RELATED ASPECTS

Design of the collector is characterized by the presence of non-perforated zones (V path
configuration) which result in stress concentration during fabrication and operation. OKB Gidropress
experts calculated this stress concentration factor increase by 15% as compared with the area of
uniform perforation.

Thickness of ligament obtained in design from the strength calculation does not fully conform
to the explosive loading during the tube expanding process. OKB Gidropress reiterated the thickness
of ligaments meets the requirements of applicable standards (more than 9 mm from the secondary
side).

28



The design of the cold and hot collectors is identical. Absence of hot collector cracks indicates
that the design geometry is not the major factor affecting initiation and propagation of the cracks on
the cold collectors.

In order to avoid over expansion of tube during explosive expansion, non-expanded area at the
secondary side exists. This leads to a crevice in which local deleterious chemical conditions can exist.

According to experiences gained in WWER steam generators in general the feedwater supply
designs do not ensure homogenous water chemistry around the collector.

Conclusions and recommendations:

1. The perforated area geometry should be improved by avoiding the non-perforated path and by
smoothing the wedge profile. Meanwhile this has been implemented in the new design.

2. Crevices between tubes and ligaments should be minimized for example by supplementary
rolling expansion for new steam generator collectors.

3. Verification by suitable calculation models and full scale measurements for above mentioned
recommendations are necessary.

5.4. FABRICATION RELATED ASPECTS

The manufacturing procedures and technological processes should be optimized for a specific
design.

Fabrication technology

Proper use of drilling technology and equipment results in compressive stress state on the hole
surface, protecting the hole from the beginning of stress related corrosion attack.

Achievement of the compressive stress state needs adjusted qualification of the process, the
equipment and quality assured performance.

It is necessary to consider the effect of cladding and tube to collector welding on the stress state.

For the steam generators of WWER-1000 reactor, two technologies of tube expansion have been
used; these are explosive tube expansion (for most steam generators in operation) and hydraulic tube
expansion (used by Vitkovice for Temelin NPP and from 1990 onwards also in Russia). The pressure
of hydraulic expansion at Vitkovice is approximately 2 times higher than the one applied in Russia
which is approximately 1700 bar2.

The explosive expansion technology, which appears to be mismatched with the collector
structural design according to the existing requirements has the following consequences:

- the average level of the perforated area plastic strain measured in direct way is -0,5%, but a
strain value of 3-5% may exist locally which leads to strain ageing phenomenon at operation
temperature;

2 OKB Gidropress considers the pressure used at Vitkovice for hydraulic expansion rather close to that
observed during explosive expansion and therefore recommended to apply LTHT and additional rolling to
Temelin plant steam generators. In connection with this, Vitkovice stated that their technology results in
compressive stresses, and there is no need to apply LTHT.
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- macroscopic deformation of the collector (average strain in the collector perforated area as a
whole is 0.5%), this effect can be reduced by modification of the sequence of explosive
expansion process in the whole collector;

- high residual tensile stresses especially in the area of ligament corresponding to the transition
of expanded to non-expanded part of the tube.

According to stress analysis performed, residual stresses exceeding yield stress are localized in
the non-perforated parts (V-configuration and non-perforated part).

In contrast to that, the hydraulic tube expansion technology, as applied in Vitkovice, results in
only partial plastic deformation of the ligament, low residual stresses in the non-perforated zones and
compressive stresses on the internal surface of holes.

Vitkovice has performed a full size collector model experiment to investigate the application of
LTHT to collector with hydraulically expanded tubes. The results obtained from the experiment has
shown that LTHT could lead to:

- tightness loss between steam generator tubes and collector;
- sensitization of steam generator tubes;
- effects on the resistance of the 10GN2MFA steel to the thermal ageing and, as a consequence,

the environmentally assisted cracking due to hold at temperature (segregation effects of
phosphorus and decrease of protective compression stresses).

OKB Gidropress studies have shown that for the case of application of LTHT to hydraulically
expanded tubes no sensitization of tubes made of 08Chl8N10T steel and no loss of resistance of the
tube material to intercrystalline corrosion was found.

After heat treatment of 10GN2MFA steel at 450°C for 24 hours and with total cycle of LTHT
up to 100 hours, the resistance of the material to thermal ageing was not affected.

Residual stress

Residual stress fields in individual steps of fabrication should be taken into account in order to
determine service life of the collector.

The initial residual stress before the drilling are at a low level in collector base material because
of stress relieving heat treatment after cladding of the collector.

The manufacturing processes which produce residual stresses are drilling, welding of the
collector into the shell, welding of tubes to the collector and tube expansion. The most severe residual
stresses are related to explosive expansion.

Residual stresses generated during explosive expansion consist of 3 factors:

- non-uniform plastic deformation of the ligaments (local residual stresses);
- general plastic deformation of perforated zone, taking into account configuration of

non-perforated area (general residual stresses);
- bending deformation of the collector which may lead to a contact of the collector at the top

nozzle of the shell (bending residual stresses);

Results of stress analysis show that the highest level of residual stresses in the zone of initial
cracking is determined by the first two factors; bending residual stresses are of lower level.

Contact of collector with the shell modifies loading condition of the collector during operation.
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The hydraulic tube expansion can improve the stress state in ligaments and the whole body of
the collector because only partial plastic deformation of ligaments occurs which results in compressive
residual stresses on the hole surface and in relatively low tensile stress at the elastic-plastic boundary.

Conclusions and recommendations:

1. Increasing service life of the collectors requires lowering the residual stresses in ligaments
resulting from fabrication.

2. In manufactured but not yet operated steam generators where the tubes were expanded
explosively, stress relieving by low temperature heat treatment and supplementary expansion of
non-expanded parts of tubes was performed.

3. In case of steam generators which are in operation the recommended step after preliminary
non-destructive testing is to apply localized short term heat treatment which will both reduce the
residual stress and improve the material properties. Also this procedure needs full size model
qualification and calculation and measurements of stresses as well. At OKB Gidropress such
investigations have been performed.

4. Additional rolling on collectors of steam generators in operation has disadvantages of not
forming fully consistent metallic bond between tube and hole and of the risk of excessive strains
in the tube due to possible over-rolling and additional mechanical rolling on collectors of steam
generator in operation is not recommended.

5. Application of LTHT should not be considered an alternative to maintaining adequate control
of secondary system chemistry during all phases of plant operation.

6. The manufacturer is recommended to evaluate and record the residual stresses during the
individual manufacturing stages of collector production.

5.5. ENGINEERING JUDGEMENT OF CRACKED COLLECTORS

In principle, there are 3 stages of damage:

— the crack initiation;
— subcritical crack growth;
— critical evolution.

The critical crack size in the collector, which can be defined as total crack length on the primary
side (presenting the number of through-wall cracked ligaments, without considering the cladding), is
determined by the local fracture toughness level which is dependent on the steel conditions (strain
ageing, thermal ageing, initial toughness level of the delivered steel) and the collector loading.

Conclusions and recommendations:

1. A model should be developed representing all the main parameters (actual steel properties, actual
operating conditions, stress history) to quantify the damage stages. Supported by experimental
validation, the model could be used in integrity reassessment, in-service inspection optimization
(scope, volume and periodicity) and definition of acceptance criteria on crack sizes.

2. In addition, such model could be useful to classify each steam generator, to compare cold leg
and hot leg behaviour and to evaluate any new design.
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6. OPERATIONAL ASPECTS

6.1. FAILURE STATISTICS

Up to September 1995, damages in cold collector were reported in 25 steam generators in 7
WWER-1000 plants. More detailed information is summarized in Table III. The table also includes
information related to the status of WWER-1000 steam generators, such as year of commercial
operation, year of replacement, operating hours up to September 1995, technical information about
collectors and information about feed water blowdown modifications. Appendix I shows for each
WWER plant the location of the damage within the collector including the most recent case in
Balakovo 2.

The number of degraded tubes reported up to now is relatively low. Table VIII shows the
number of plugged tubes in Kozloduy NPP Units 5 and 6, and Zaporozhe NPP Unit 4. Plugged tubes
locations in Kozloduy NPP Units 5 and 6 are shown in Appendix II.

6.2 IMPACT OF OPERATING CONDITIONS

Investigations at NPPs showed that temperature fields in steam generator water volume near the
collectors for all anticipated conditions were stable and water temperature deviation from saturation
temperature did not exceed 1-2°C. (These conditions include: power increase from minimal controlled
level to 100%, operation at nominal power, shutdown cooling, periodic blowdown, two turbo feed
pumps disconnection at normal power, stepwise steam generator level decrease by 100 mm from 500
mm at nominal power, high pressure preheater subsequent disconnection, emergency water supply at
power at 30 and 100%).

Under the conditions of RCP disconnection and emergency protection actuation the temperature
decrease by 12-16°C is recorded near the cold collector at its lower part. Time of temperature decrease
and rise to saturation temperature was 1.5-2 min. Thus collector cyclic thermal loading is not initiated
from the secondary water side during steam generator operation under design conditions.

One of the steam generator PGV-1000 of Novovoronezh NPP has been equipped with several
thermocouples mounted inside the cold collector on the primary water side. The results did not show
any temperature fluctuations, Table XI.

TABLE XI. TEMPERATURE MEASUREMENTS IN NOVOVORONEZH NPP

Parameters

Maximum temperature difference of primary water and collector surface in
the area between I and III axes, unit power: 0%

50%
100%

Primary water temperature on the tubes outlet and collector surface
temperature difference, unit power 100%: long tube

short tube

Difference, °C

0
3.5
7.0

0
3.5

Temperature
fluctuation

no
no
no

no
no

The hot collector was free of temperature inequality and fluctuations. The distribution of soluble
impurities in steam generator water volume was studied. The investigations showed that distribution
of soluble impurities cannot be the governing cause of cold collector damages as the area of maximum
impurity concentration is not around the cold collector, but between hot collector and hot steam
generator edge, where they are 2-2.5 times as high.

Level of conventional elastic stresses, dislocation density and effective pH value (25°C) of
blowdown water averaged over the operational life (characterizing electrolytic hydrogen ingress into
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the metal) are the input data for calculation of damage and remaining service life. The calculational
results were close to actual time of steam generator collector damage.

The maximum corrosion damage can be reached by the hydrogen accumulation in metal.
Hydrogen release during anodic dissolution cracking was assumed. This assumption was up to this
time not confirmed.

The susceptibility of steel 10GN2MFA to hydrogen embrittlement has been studied. The
hydrogen content of the metal was found to increase when in contact with water at the operational
conditions of temperature and pressure. The degree of increase depends upon water pH value, e.g. if
pH 4.5 and hold-up 1000 hours, the hydrogen content increases with hold-up duration. At the initial
pH value 9.0, no hydrogen concentration increase is observed. Hydrogenated specimen tests
demonstrated that reduction of area (tensile test) drops from 51 % to 9.3% with hydrogen content
increase from 0.34 cm3/100 g to 3.53 cm3/100 g. Thus the tests show that collector cracking depends
upon the water chemistry. Administrative and technical decisions on the water chemistry problem
have been taken.

It has been shown that at low strain rates (6.8 x 10'7 s"1) the corrosion cracking resistance of
steel 10GN2MFA melted in open hearth furnace noticeably depends upon pH, chlorides and oxygen
content. A decrease in pH value (transition to acid region), and an increase in the chloride and oxygen
content reduces the steel 10GN2MFA corrosion cracking resistance.

To investigate the effect of water chemistry on the collector damage a large scope of
investigations has been carried out. Water chemistry analysis at the operating NPPs showed that there
were deviations from design requirements, especially during the development period of the
WWER-1000 reactors, Table XII.

TABLE XII. SECONDARY WATER CHEMISTRY - REQUIREMENTS VIOLATION

SG blowdown
water indices

y [nS/cmJ

Na+ [jig/kg]

Cl- [ug/kg]

pH

STANDARDS

OST 34-37-769-85
1985*

<3.0

S 1000

£500

7.8-8.8

Tentative standards
1990

<5.0

^300

< 150

8.0-9.2

Actual data on
violation of water
chemistry for
SUNPP**

to 40

to 10 000

to 16 000

to 4.5

Cause of violation of water chemistry
standards

I. Suction caps in turbine condenser
2. Filters of condensate polishing
3. Ion-exchange resins
4. Corrosion-erosion of secondary

structural materials
5. Ineffectiveness of SG blowdown
6. Natural water pollution
7. Absence of automatic control system

of water chemistry

Notes: y - electrical conductivity
* - with condensate polishing
** - to 20% of time at SUNPP (South Ukraine NPP), Unit 1

It is judged that the water chemistry contributes substantially to the initiation and propagation
of cracks in affected collectors.

The corrosion damage depends strongly on the presence of chlorides, sulphates, oxygen, copper
and other impurities in water. The pH values are required to be in the range 8.5-9.2. This was not the
case in the past operations. However, the water chemistry has been improved and the present status
is given in Table XIII.
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TABLE XIII. SECONDARY WATER CHEMISTRY - PRESENT STATUS

Parameter Feedwater Blowdown

Russian NPPs

Cl [ug/kg]
pH

K [uS/cm]

< 5
8.8 - 9.2

0.3

< 150
8.0 - 9.2

<5.0

Kozloduy NPP

Cl [nS/cm]
PH

K [uS/cm]
8.8 - 9.2

<0.3

< 150
8.0 - 9.0

<5.0

Temelin NPP

Cl [ug/cm]
PH

K [nS/cm] *
9.7 - 10.0

< 0.12

<2-20
9.4 - 9.7
0.12-0.7

Zaporozhe NPP

Cl [ng/kg]
PH

K. [nS/cm]

<5
8.8 - 9.0

0.3

< 150
8.3 - 8.8

< 5.0

* conductance measured after cation exchange resin filter.

The pH values are controlled by NH3 and thermal decomposition of N2H4 also produces NH3.
Tests are underway with other pH controlling agents.

At the Zaporozhe NPP operational examination of the lithium corrected feedwater technology
were carried out at Unit 3 since November 1992. Since 1995 the same examinations are being carried
out at the Units 1 to 5.

Applying this corrective measure, the pH of blowdown was in the range 8.3-8.8. Consequently,
the volume of sludges in steam generator was reduced.

In the hot standby operation mode (the plant is hot, but not producing power), aerated auxiliary
feedwater is added directly to the steam generators. This could lead to severe corrosion of carbon and
low alloy steels. It is necessary to evaluate the contribution of this mechanism to failure and minimize
the exposure of steam generators to this type of environment.

Concerning crevices, attention must be paid to the following factors in both collectors:

- character of oxides in the crevice;
- water access to the crevice;
- possible cyclic boiling and drying in the crevice with respect to local thermal hydraulic

conditions;
- mechanical behaviour of the collector base material under low strain rate conditions.

All WWER-1000 NPPs are equipped with full flow condensate polishing system. Operating
experience has revealed a risk of the overload of filters due to an extensive amount of ion transport
and insufficient regeneration. In the case of Zaporozhe NPP, the two stream filters in the polishing
system were replaced by one stream filters at Units 4, 5 and 6. In 1996, the two stream filters
replacement is planned at Unit 1. This is also a general recommendation by the designer OKB
Gidropress.
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Existence of copper in secondary water resulting from corrosion of brass condenser tubes may
accelerate corrosion damage of steam generator internals. Therefore, at Temelin NPP, titanium tubes
are used in condensers and austenitic stainless steel for preheater tubes.

The chemical cleaning of steam generator was performed at Kozloduy in the annual outage in
1993. The cleaning was performed using the technology of OKB Gidropress. Such cleaning could be
recommended in general but plant condition should be taken into account.

6.3. MONITORING

Steam generator tubing and collectors are barriers between the radioactive inventory of primary
circuit and secondary circuit. In case of a primary to secondary leakage the possibility exists to release
radioactivity through safety valves or BRU-A.

The double ended guillotine break of one tube is a design basis accident.

In case of collector cover lift up the leakage will be limited to equivalent break of diameter
100mm, which corresponds to the gap between the collector flange and the steam generator shell.
According to calculation of the designer, core cooling can be ensured. A precondition is that the bolted
joint of the secondary head will not be damaged. The implementation of cover lift up limiters is
necessary and is scheduled at operating plants.

Every effort has to be made in order to avoid collector rupture following the degradation of cold
collectors started at tube connections. It has to be mentioned that due to monitoring and inspection
measures, a catastrophic collector break seems to be rather unlikely. Monitoring systems to detect
primary to secondary side leakages are available at the plants according to design requirements.

Three monitoring methods are used:

- monitoring of main steam radioactivity, based on overall radioactivity;
- monitoring of steam generator bulk water radioactivity, based on 1-137 radioactivity;
- monitoring the primary to secondary leak rate, based on comparison of primary to secondary

level of radioactivity, period of sampling depends on the leak rate just determined (hourly, daily,
weekly).

At Kozloduy plant, N-16 measurement in steam lines have been implemented.

Monitoring of water radioactivity in steam generators is performed by:

- measurement of secondary water dry residue once a day;
- monitoring of the leak rate of primary water, which is performed by calculation with respect to

radioactivity of primary and secondary water measurement.

The frequency of monitoring is:

(a) with leak < 0,5 kg/h, measurement is performed at least once a week;
(b) with leak 0,5-2 kg/h, measurement is performed at least once a day;
(c) with leak more than 2 kg/h, measurement is performed every shift.

Steam generator shall be brought out of operation during the shift in cases:

- if leak in one steam generator amounts to 5 kg/h and more;
- if radioactivity of blowdown water of all steam generators by isotope 1-131 reaches 5-10"9Ci/kg

(185 Bq/kg);
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if radioactivity of water in one steam generator by I-131 reached the value of 2-10"8 Ci/kg (780
Bq/kg);

- steam generator water radioactivity measurements by dry residue exceeds 10"8 Ci/kg (370
Bq/kg).

The bolted joint between collector flange and header has a separate monitoring system measuring
pressure between the two sealing gaskets. If the pressure between the two gaskets increases to 2 MPa,
a signal is given to the control room. If pressure increases to 6 MPa, sampling is required.

If the secondary water is detected between the gaskets, the steam generator should be shut down
normally during the shift. In case of primary water between the gaskets the steam generator should
be shutdown immediately.

Temelin NPP leakage limits and plugging criteria will be specified on the basis of experiments
currently under way, which will be completed in the first half of next year. For the primary to
secondary leakage evaluation, normal value and action levels will be established. In the secondary
system, continuous radioactivity measurements will be performed in following three technological
points:

- main steam line, where total gamma radioactivity will be measured;
- outlet from condenser vacuum pump sump, where total gamma radioactivity will be measured;
- steam generator blowdown:

• in blowdown line from each steam generator, where total gamma activity and activity of four
isotopes (Na-24, K-42, 1-131, 1-132) will be measured;

• after blowdown purification system filters, where total gamma activity will be measured.

The most important parameter for determination of primary-to-secondary leakages will be
measured in blowdown lines from each steam generator. The other measurements will provide only
additional informative data.

Primary to secondary leakage rate in liters per hour will be calculated on the basis of measured
Na-24 or K-42 activity in the primary system water and in steam generator blowdown.

At Temelin NPP, the EPRI water chemistry guidelines approach will be adopted. Two groups
of chemical parameters were established; control parameters and diagnostic parameters. The control
parameters are measured continuously.

For the control parameters successive action levels were defined as well as actions to be taken.
The time for which the unit operation is permitted with given deviation is defined.

Suggested standard values for Temelin plant chemical regime of the secondary circuit at full
power are shown in Tables XIV to XVII.

TABLE XIV. FEEDWATER CONTROL PARAMETERS PROPOSED FOR TEMELIN NPP

Parameter

cat.
conductance •

pH at 25°C

N2H4

Oxygen

Unit

u S/cm

1

Hg/1

ug/I

Normal
value

<0.12

9.7-10.0

30-200

<5

Action Level
1

X).12

<9.7 >10.0

<30

>5

Action Level
2

>0.3

-

-

-

Action Level
3

-

-

—

-

: conductance measured after cation exchange resin filter.
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TABLE XV. FEEDWATER DIAGNOSTIC PARAMETERS PROPOSED FOR TEMELIN NPP

Parameter

NH3

Fe

Cu

Conductance

Unit

mg/1

ng/i

ug/i

u S/cm

Normal value

3.5 - 12.0

<10

<2

12-25

TABLE XVI. BLOWDOWN CONTROL PARAMETERS PROPOSED FOR TEMELIN NPP

Parameter

cat.
conductance *

Cl-

Na+

Conductance

Unit

u S/cm

ug/i

ug/I

uSg/I

Normal value

0.12-0.7

2-20

2-20

S- 16

Action Level
1

>0.7

>20

>20

<8 or >16

Action Level
2

>2

>100

>I00

—

Action Level
3

>7

>500

—

—

: conductance measured after cation exchange resin filter.

TABLE XVII. BLOWDOWN DIAGNOSTIC PARAMETERS PROPOSED FOR TEMELIN NPP

Parameter

NH3

pH at 25°C

Si

F-

so,2-

Unit

mg/I

1

fig/I

Hg/I

Normal value

1.4-4.6

9.4 - 9.7

«300

<10

<4

Diagnostics parameters provide additional information on the chemical regime if the control
parameters are out of normal values and information on possible cause. They are measured
continuously, in few cases manually.

To confirm effectiveness of the blowdown system and feedwater distribution, an experimental
blowdown system is installed at steam generator No. 4 in Unit 1. The system contains 28 sampling
points in the steam generator volume (secondary side) to evaluate the distribution of impurities.

Every steam generator is fitted with an inside chemical diagnostic system, which includes 4
extraction points, 1 near each collectors and 1 at each end of the steam generator.

Conclusions and recommendations:

1. Root cause of the collector damage is still to be quantified. Influence of startup and shutdown
regimes as well as temperature gradients during transients should also be included. For this
purpose related stresses and temperature fields should be additionally quantified by calculation
and measurement. The effect of transient temperatures on resistance of 10GN2MFA steel to
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environmentally assisted cracking should be established. Because of adverse effect to transient
regimes, startup and shutdown regimes should be optimized in order to avoid high thermal and
stress gradients in the steam generator collectors.

2. To obtain additional base line information, thermocouples, tensometers, accelerometers and
acoustic emission sensors were installed in the steam generator of Unit 1 of Temelin NPP to
verify temperature field, stresses and vibration defining the operating conditions of steam
generator internals.

3. At operated NPP the feedwater and blowdown parameters are monitored periodically except pH
which is monitored continuously. For these parameters action levels are defined.

4. Monitoring systems have an important role in timely detection of collector damage. The
monitoring should be reviewed and optimized with respect to accumulated operational
experience and, if necessary, modified.

5. Monitoring of temperature and stress fields in the V configuration of the collectors for the
various operational regimes should be implemented.

6.4. SYSTEM SOLUTIONS

With the aim to reduce the contents of impurities in the area around the collectors, the feedwater
distribution and blowdown system was modified at operated plants. Using asymmetric feedwater
distribution, the salt corner was created in the steam generator and consequently the blowdown is
provided from this corner.

Five-eighths of feedwater is supplied to the hot leg side of steam generator, 3/8 of feedwater to
the cold leg side of steam generator. Blowdown is organized from the area near to cold leg of steam
generator.

Similar reconstruction was implemented at Temelin NPP. The possibility to reduce void fraction
in the upper part of the tube bundle is being analyzed.

Water access to the crevices was reduced after supplementary expansion of non-expanded parts
of tubes.

Modified separator and extended immersed perforated plates were implemented on steam
generators to enhance the steam drying characteristics of the separator.

Conclusion and recommendation:

More information on the crevices and mechanical behaviour of base material in ligaments
(considering fabrication conditions) is required to define more precisely the subsequent necessary
measures.

6.5. IN-SERVICE INSPECTION

Eddy current in-service inspections by using remote automated equipment took place at
Kozloduy NPP Units 5 and 6 from the year 1990/1991 (preservice) respectively. The scope of
inspection of collector ligaments was in accordance with the designer requirements, having in mind
the first inspection covered 100% of the ligaments. There were no defective ligaments detected at
Kozloduy Units 5 and 6. The scope of inspection of tubes was on average 25~50% during each outage.
The number of plugged tubes due to tube degradation is relatively small after 40000/22000 hours of
operation. Data are presented in Table VIII. The coordinates of the plugged tubes are presented in
Appendix II. The condensers of the Unit 6 also were inspected during the 1995 outage.
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Eddy current testing of the collector ligaments and tubes was also performed in other NPPs,
namely Balakovo, Kalinin and Novovoronezh NPPs.

The scope of ligament inspection is the minimal scope defined by the designer. The scope of
the inspection of the tube bundle is 15% minimally. There were no tubes plugged due to result gained
from eddy current inspections.

In the 1995 outage of Balakovo Unit 2, steam generator No. 3 eddy current inspection of cold
leg collector revealed cracked ligaments again. Number of defective ligaments is 7. Coordinates of the
affected tubes are shown in Appendix I. Corrective action took place. The tubes between the affected
ligaments were repaired by plugging using special type of plugs.

In Zaporozhe NPP, in-service inspection of ligaments by eddy current manual testing takes place
with the minimal scope defined by OKB Gidropress.

Tube bundle was not regularly inspected by eddy current. As of 1996, ligaments and tube bundle
will be inspected by remote automated eddy current technique. The minimum scope of inspection of
the ligaments will be as prescribed by OKB Gidropress and for the tubes 15% each outage.

Condensers have not been inspected using eddy current testing yet, other methods had been used.
As of 1996, condensers will be inspected by eddy current.

At Temelin 100% pre-service inspection of collector ligament, tubes, stud bolts, threads, and
collector cladding (non-perforated area) will be performed using the eddy current testing. In-service
inspections will be performed annually during maintenance outages.

Inspection practice for inspection of steam generator tubes

With respect to inspection requirements and practice in Bulgaria, Russia and Ukraine it can be
stated that for inspection of the tube material there is a common understanding to use multi-frequency
eddy current instruments with the applied appropriate parameters.

The difference in the practical implementation of eddy current inspection arise when reflected
to the frequencies of inspection and the repair criteria.

Inspection practice for inspection of collector ligaments

Inspection of integrity of steam generator ligament at the manufacturer and during operation is
performed according to special programmes.

Ligaments inspection is performed annually during refuelling outage and in case of unscheduled
outage due to collector leakage. Low frequency eddy current method is used. Common is also the
minimum scope of the inspection according to the technical instruction given by the main designer
(25% of the number of ligaments). The differences are in the applied technique.

TABLE XVIII. TUBE INSPECTION

Bulgaria

Russia

Ukraine

Scope

20-50%

25%

12.5%

Repair criteria

>40% tube wall degradation, restricted tube

case by case

leaks until '95, future adoption of the >40% criteria

The inspected area is shown in Fig. 26.
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TABLE XIX. COLLECTOR INSPECTION

Bulgaria

Russia

Ukraine

Scope

TU02.28.88; HL/CL

TU02.28.88

TU02.28.88

Technique

Remote automated MRPC

WD-73-NC Manual

WD-73-NC Manual;
1996 and on Remote Automated MRPC will be used

6.6. FURTHER RECOMMENDATIONS

Inspection and repair criteria for steam generator tubes and the collector are presently not
sufficiently well defined or documented in terms of the underlying technical basis.

It is suggested that a programme be established to determine reliable inspection and repair
criteria. Such criteria shall be justified through laboratory tests and analytical work. The goal of the
criteria is to provide a low probability of primary to secondary side leakage and unstable crack growth.

In order to establish a data base for the initial condition of the collector material, it is
recommended to ensure full scope (100%) ligament control, with all the indications recorded.

If these records are not provided by manufacturer or pre-service inspection, they should be
obtained as soon as possible through a specific in-service inspection.

For steam generators in operation it is generally recommended to perform 100% inspection of
cold collectors by automated eddy current technique for detection of collector ligament cracks. Priority
has to be given to the discontinuity areas (e.g. V area).

All ligaments are to be inspected in cold collectors every four years except the discontinuity
areas, which are to be inspected every year.

The discontinuity areas of hot collectors are also to be inspected with a four year periodicity.
This periodicity could be relaxed after the first four year period.

For heat treated collectors without subsequent rolling, random inspections of tube-to-collector
tightness are recommended in order to decide whether additional expansion of all tubes is needed in
the explosive expansion area.

The development, qualification and implementation of a system to detect crack propagation
during operation of collectors should be considered. Priority is to be given to the cold collectors when
installing these systems.

Steam generator tubes should be inspected with adequate frequency and scope in order to detect
indications. If indications are detected, extension of inspection area should be adopted.

Secondary water chemistry specifications should be strictly complied with during operation.
Corrective actions should be described. It is recommended for the future that these specifications
should meet international standards for PWR plants (EPRI guidelines) after adaptation to the stainless
steel tube material. In order to comply with the specific secondary water chemistry, an on-line
monitoring system is also recommended.

Since oxygen may play an important role in the degradation of the collector, it is important that
sufficient reducing condition be maintained.
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The secondary water chemistry is very much dependent on condenser tube tightness. NPPs
should implement condenser tube inspection by eddy current method in order to improve condenser
performance.

Startup and shutdown regimes should be optimized in order to avoid high thermal and stress
gradients in the steam generator collectors. In addition, improved practice in terms of lay-up chemistry
should be explored. In some Member States, wet lay-up chemistry has been fairly well standardized
in terms of pH control (>9.8 with ammonia) and hydrazine concentration (>75-150 or 200 ppb).
During restart, the auxiliary feedwater should be dosed with ammonia and hydrazine to maintain a
minimum pH around 8.8-9.0 and a hydrazine content which is at least 3 times the dissolved oxygen
concentration.

The bolts (M60) retaining the collector cover are subject to very strong corrosion because of the
free access of the secondary side medium to the surface of the bolts cylindrical part. In service
inspection results have indicated the need for corrective action by changing the bolts every two years.
Due to such a strong influence of corrosion under normal operational circumstances it has been
proposed by Kozloduy NPP that some action be taken on this point.

7. CORRECTIVE MEASURES

7.1. REVIEW OF EXISTING MEASURES

Measures which have been already taken on WWER-1000 steam generators are reviewed in this
section.

Collector modifications

Thermal heat treatment (approximately 450°C) of all cold and hot collectors was performed
before or after plant startup except for collectors used for South Ukraine Unit 3 and Temelin plants.

Complementary mechanical rolling of crevice area of cold and hot collectors was performed
before steam generator commissioning for twenty steam generators. Reducing the water access has a
positive impact on crack initiation in the crevices.

To reduce the amount of coolant leakage from primary circuit to secondary circuit in the case
of accident with cover lift up, it was recommended to perform modernization of the cover by
installation of an additional cylindrical shell under the cover. The modification was performed for all
steam generators in operation.

Feedwater, blowdown and steam separation modifications

The modifications taken in feedwater and blowdown systems at operating plants include:

- optimization of feedwater distribution (no feedwater injection in continuous blowdown area);

- additional blowdown piping for continuous blowdown near the bottom of steam generator;
- existing blowdown areas reserved for periodical blowdown only;
- installation of extended immersed perforated plate.

OKB Gidropress performed extensive measurements at operated steam generators with more
modifications. They have shown the influence of feedwater distribution and blowdown system on
concentration field of impurities in steam generator. The final feedwater distribution and blowdown
system assures decrease of concentration of impurities approximately 50 times near the hot collector
and approximately 2.5 times near the cold collector.
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Efficiency of modernization of structure of steam separation was substantiated by experimental
investigations. Measurement on operated steam generator proved expected increase of separator's
effectiveness. In addition, the water volume in the steam generator can be increased after this
modification. This modification has been included for steam generators which are under manufacture
(PGV-1000M and PGV-1000U).

Modifications on the feedwater distribution, blowdown and separator will be implemented at the
Temelin NPP.

Inspection

Each steam generator is subject to inspection at the manufacturer, pre-service, and in-service
inspection. Scope and methods of inspection are determined by quality control programme and
operation manual of PGV-1000.

Inspection of steam generator ligaments at the manufacturer and during operation is performed
according to a special programme of inspection of ligament integrity. The inspection covers at least
25% of total number of ligaments and tubes (Fig. 26).

In-service inspection of the ligaments of collectors of PGV-1000 is performed annually during
refuelling outages of the NPP units.

Besides, inspection of the ligament integrity is performed with the same scope during
unscheduled outage when the causes of steam generator water radioactivity increase were sought.

The instrument VD-73-NC (approved by the Regulatory Body of Russia and Ukraine) is used
for manual inspection of steam generator collectors in Russia and Ukraine. As of 1991 eddy current
testing is used for inspection of steam generator in Russia.

Inspection of ligaments at Kozloduy NPP is performed by INETEC using eddy current testing.

Cracked collector repair at the plant

The repair consists of drilling out of tubes in those holes in which the crack in ligaments have
been revealed during inspection. Subsequently these holes are plugged by a number of thin-walled
plugs welded in the hole one after another across practically the whole thickness of collector. The
repair duration is not too long (about one day for one hole). In case of a large number of cracked
ligaments in the same area, this repair technique cannot be applied and the steam generator has to be
replaced.

OKB Gidropress and Prometey Institute performed calculations and experimental substantiation
of the efficiency of the technology of collector repair on specimens and a full scale model.

Static and cyclic strength was investigated on the specimens and models with imitation of repair
of ligaments, including testing of the full scale plates, full scale cylindrical model.

On the basis of the calculations and experimental investigations, technology of repair was
approved by the Russian Regulatory body.

This technology was applied at one collector of South Ukraine NPP Unit 1 in 1991 and at one
collector of Balakovo NPP Unit 2 in 1995.

Further investigation performed in South Ukraine NPP show no new indications in the area
surrounding the repaired ligaments.
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There are 30 PGV-1000M steam generators stored at the manufacturer in Russia or at the plants.
The tubes of 10 steam generators were expanded using hydraulic expansion, the rest using explosive
expansion. The designer OKB Gidropress recommended the following measures related to residual
stress relieving and crevice closure.

In case of not heat treated steam generators, it is recommended that both hot and cold collectors
be heat treated at optimized temperature, i.e. sufficient to significantly decrease residual stresses and
not too high in order to prevent tube stress corrosion cracking sensitization. Consequently, the tube
to collector tightness should be checked. If leak tightness is not achieved, a supplementary expansion
is to be performed in the explosive area.

A supplementary expansion can also help close the crevice near the secondary side. Particular
attention should be paid to the end of expansion: it should be close to secondary side but not beyond
(2 to 3 mm).

In case of heat treated collectors with subsequent mechanical rolling, the tube-to-collector
tightness should be checked.

Moreover a decision was taken to replace the collectors and tubes in those steam generators,
where explosive expansion was used.

The manufacturer of steam generators for the Temelin plant, Vitkovice, used a modified drilling
process to avoid bore wall defects and to obtain compressive stresses on the bore surface, controlled
and recorded hydraulic expansion in addition to the use of improved material. Based on these measures
and use of improved material, Vitkovice do not consider the LTHT necessary since it could have an
adverse effect on the tube to collector joint.

It should be noted, that OKB Gidropress considers the application of LTHT necessary also for
the steam generators produced at Vitkovice.

Conclusions and recommendations:

1. A thermal heat treatment was performed for all cold and hot collectors to release the residual
stresses in the collector, except for collectors at South Ukraine Unit 3 and Temelin.

2. The experience of 4 years operation of about 1.5 million connection of tube and collectors
showed that there is no indication of loss of tightness between tube and collector bore even if
LTHT is performed without subsequent rolling.

3. Technology of the subsequent mechanical rolling of crevice area should not lead to over-rolling
(beyond secondary side) which can induce high residual stresses in the tube. This rolling can
modify the microstructure of the stainless steel tube. The technology for detection of potential
cracks shall take this into account.

4. After plant startup, mechanical rolling (or any other expansion process) of the crevice area
requires thorough pre-cleaning of the account.

5. Measurements carried out on steam generators for Temelfn NPP after hydraulic tubes expansion
proved low level of residual stresses. The zone where the tubes have not been expanded into
collectors is on average only 2 to 3 mm long.

6. The whole set of modifications lowers mineral concentrations on the steam generator secondary
side by factor of 50 or the hot side, and factor of 2 to 3 near the cold collector. The only
exception is the new compartment area where continuous blowdown is done.
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7. The modifications of the continuous blowdown extract water from the high mineral
concentration area (compartment created between partition plate and steam generator cold end).

8. Continuous blowdown flowrate has to be set as high as acceptable in order to comply with the
applicable secondary water specifications.

9. Modernization of blowdown, feedwater distribution and steam separator is recommended for all
NPPs in operation with the aim to enhance the blowdown efficiency, to optimize the distribution
of salt in steam generator and to increase the height of the steam space.

10. A pre-service examination of both hot and cold collectors is a necessary element for further
comparison with in-service examination results.

11. Development of the equipment for the automatic repair of the ligament should be implemented
in order to reduce level of dose rates.

12. 100% inspection of cold collectors by automated eddy current technique is recommended for
detection of collector ligament cracks. Priority has to be given to the discontinuity areas (e.g.
V area). All ligaments are to be inspected in cold collectors every four years except the
discontinuity areas which are to be inspected every year. The discontinuity area of hot collectors
are also to be inspected with a four year periodicity. This periodicity could be relaxed after the
first four year period.

13. For heat treated collectors without subsequent rolling, random inspections of tube-to-collector
tightness are recommended in order to decide whether additional expansion of all tubes is
needed in the explosive expansion area.

14. The modifications of feedwater, blowdown and steam separator should be extended to all
operating (or new) steam generators.

15. Secondary water chemistry specifications should be strictly complied with during operation
(feedwater and blowdown water). Corrective actions should be described. It is recommended that
these specifications should meet, in the future, international standards for PWR plants (EPRI
Guidelines) after adaptation to the stainless steel tube material. In order to comply with the
specific secondary water chemistry, an on-line monitoring system should be implemented.

16. Condenser tubing leaktightness should be checked as required in order to achieve satisfactory
secondary water chemistry.

17. Chemical cleaning in steam generator secondary side should be implemented.

18. There are different approaches to prevent collector damage used by OKB Gidropress and
Vitkovice. Further exchange of information between experts involved is required to provide
understanding of the problem. In addition, independent review and evaluation of the measures
implemented should be made.

19 Once optimized, the steam generator modifications shall be applied to steam generators in the
shop before commissioning.

7.2. NEW DESIGN

OKB Gidropress developed a new design of steam generators, PGV-1000U, which has the
following features:
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- stainless steel collector in the perforated area made from steel 08Chl8N10T-VD produced by
vacuum melting;

- optimized perforated area by smoothened "wedge profile". The level of stresses in the perforated
area of the PGV-1000U does not exceed the level of stresses for steam generator PGV-440,
collectors of which are also made from stainless steel 08Chl 8N10T and have a good operational
record;

- optimized feedwater distribution;
- optimized location of the blowdown of the steam generator;
- modernization of steam separator;
- improvements of manufacturing technology in the areas of steel making process, drilling process,

and expansion process.

The first set of 4 steam generator PGV-1000U is under manufacturing at the ZIO Podolsk plant
for the Rovno NPP.

Conclusions and recommendations:

1. Material selection for future projects is under discussion now. The improved low alloy steel will
be used at Vftkovice for new projects.

2. It is recommended to use a qualified drilling technology which avoids bore wall defects and
results in compressive stress on the bore surface.

3. The explosive expansion process shall be avoided. The hydraulic process is recommended for
the full thickness of collector wall. The expansion should be recorded.

4. The minimum ligament thickness and the hydraulic expansion pressure should be optimized to
prevent ligament plastification and to ensure tube to collector close attachment.

5. The flow distribution in the secondary side (water volume) should be optimized (calculations)
and verified (tests) in order to minimize mineral concentration in collector areas. The feedwater
operation should not lead to water level fluctuations during normal operations.

6. Steam generator feedwater blowdown and steam separator modifications are recommended for
implementation.

8. GENERAL CONCLUSIONS

1. At 24 operating steam generators cracks has been developed in cold collectors within the period
1986 till 1991. In two cases, indications were also reported in hot collectors in this period.
Corrective measures were developed and implemented. Further cracking of the cold collector
was however found in 1995 at Balakovo Unit 2.

2. Steam generator collector cracking is a matter of safety concern. It may cause leakage from
primary to secondary system. A collector break may result in the main consequences of the
release of primary coolant to the environment through steam relief valves and of the loss of
water for long term cooling.

3. Investigations of the mechanism of the cold collector damage performed in Russia provided the
basis for the implementation of measures for the enhancement of operational reliability of
PGV-1000 collectors. The mechanisms which lead to steam generator collector damage still
needs to be quantified with respect to related factors, e.g. material, environment and stress strain
state. Further coordinated effort is therefore required in order to provide a basis for the steam
generator life management.
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4. It is understood that it has been demonstrated, that the measures adopted are sufficient to fulfill
the plant specific safety related design basis. Recent operational experience indicates increased
reliability of steam generator collectors. It is necessary to demonstrate for all corrective measures
and design modifications, that they will not lead to any adverse effects with respect to plant
safety. Independent review and verification of the approaches adopted is important.

5. More strict requirements on secondary water chemistry result in reduction of degradation. In
order to ensure that water chemistry requirements are met at operating plants (in particular for
feedwater and blowdown), improved water chemistry control and additional monitoring systems
are needed.

6. Collection of inspection results for all inspected sections for all steam generators in a
consolidated manner may help the statistical evaluation of the causes of degradation and
effectiveness of the measures. More extensive efforts are needed. In particular, adequate collector
in-service inspection should be performed in order to timely detect the collector damage.

7. Indications detected in the free span of the heat exchanger tubes should be evaluated in depth.
The damage mechanisms and the generic impact for steam generators with similar design should
be clarified. Examination of pulled tubes may provide useful information.

8. A comprehensive safety analysis for primary to secondary leakages, taking into account the
actual plant and component configuration, is required to assess the consequences, to develop
mitigative measures, and to provide a basis for development of related emergency operating
procedures and qualifications of concerned components.

9. It has been noted that meanwhile different approaches were chosen on materials, technology and
analysis aspects by Russian and Czech experts in order to improve the steam generator design.
These different approaches bring out useful information to guide further activities. This
information needs to be exchanged in a closed manner in order to assure the required quality
of the steam generator.

10. The steam generators in storage, where explosive expansion was used, are not planned to be put
into operation.
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TYPICAL PLANETARY COLLECTOR CRACK ON
PULLED COLLECTOR SAMPLE

TYPICAL PLANETARY (B) AND ARTERIAL (A) COLLECTOR
CRACKS ON PULLED COLLECTOR SAMPLE

FIG. 5. Schematic presentation of typical collector cracks: arterial cracks (A), planetary cracks
(B) and satellite cracks (C).
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FIG. 6. Collector cracks morphology.
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FIG. 7. Strain accumulation with stepwise cyclic loading at temperatures 280°C (a) and
320°C(b).
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F/G. 72. Typical tube bed surface damages in 'hot' collector.
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FIG. 22. Circumferential stress distribution, combined normal operation and explosive expansion residual
stresses, initial state.

FIG. 23. Circumferential stress distribution, combined normal operation and explosive expansion residual
stresses, after 10 000 hours of operation.
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FIG. 26. Inspected area of the collector.
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Appendix I

COLLECTOR DAMAGE

In this appendix, diagrams showing the location of the damage found in the steam generator
collectors are given. The collector holes in between which the ligament cracking was found are
indicated by solid points.
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FIG. A. 14. Damage locations at SG III cold collector of South Ukraine - 2.
• Area of faulty holes (ligaments) according to instrument readings.
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FIG. A. 15. Damage locations at SG II cold collector ofZaporozhe - 1.
• Area of faulty holes (ligaments) according to instrument readings.
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FIG. A. 17. Damage locations at SG I cold collector ofZaporozhe - 2.
• Area of faulty holes (ligaments) according to instrument readings.



















Appendix II

1 ? PLUGGED TUBES

In this appendix, diagrams showing the location of plugged tubes in Kozloduy 5 and 6 steam
generators are given. The plugged tubes are indicated by solid points.
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ABBREVIATIONS

BRU-A atmospheric dump valve
CERT constant strain rate test
DBA design basis accident
ESM electroslag melting
Kj stress intensity factor
K^ stress intensity threshold value
AK stress intensity amplitude
LOCA loss of coolant accident
LTHT low temperature heat treatment
MRPC motor driven rotating pancake coil
OHF open hearth furnace
PGV-440 WWER-440 steam generator
PGV-1000 WWER-1000 steam generator, original design
PGV-1000M WWER-1000 steam generator, modified design (support)
PGV-1000U WWER-1000 steam generator, improved design (stainless steel collector)
RCP reactor coolant pump
SG steam generator
SICC strain induced corrosion cracking
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