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Abstract

Operating experience of steam generator tubes in German pressurised water reactors

has shown that so far there have only relatively few cases of damage been registered.

The only steam generators with a high failure rate were exchanged in 1983. The

material of the affected tubes was Inconel 600. The types of failure that occurred in

the late 70s and early 80s were mainly wastage corrosion, which was thought to be

the result of phosphate operating as it was common practice at the time. After

optimising the water chemistry and changing to "high AVT" operating, the failure rate

decreased considerably. In total, about 973 of the 193,335 tubes that were in

operation were plugged because of wall-thinning or leaks. So far, there have been 6

leaks, with the highest leakage volume being 40 litres per hour. This paper does not

include the plants of the former GDR which in the meantime have been shut down.

1 Introduction

Steam generator tubes are the link between the primary and secondary systems and

are responsible for the heat exchange between both circuits. Wall-penetrating cracks,

openings or breaks of steam generator tubes go together with leakages of primary

coolant and thus have safety-related relevance.

This paper will deal with the following topics:

design and materials,

- water chemistry,
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number of damaged tubes, causes for damages and plugging criteria,

number of leaks and leakage volume,

estimation of the frequency of leaks.

2 Design and materials

In the Federal Republic of Germany there are at present 51 built-in steam generators;

49 of them are of the U-tube design, and two of the straight-tube design. All U-tube

steam generators are built into pressurised water reactors constructed by Siemens

KWU. The Siemens-KWU-design steam generators make up two categories:

- steam generators without economiser (Figure 1),

steam generators with economiser (Figure 2).

All steam generator tubes of these types are made of the material Incoloy 800. Tables

1 and 2 show the chemical composition and the mechanical characteristics. This

material is known to be relatively resistant against stress corrosion cracking.

With U-tube steam generators, the tubes are mechanically rolled into the tube sheet

and welded to the cladding (Figure 3). The horizontal supports in the straight-tube

areas are latticed and are made of fiat stainless-steel rods. The vertical and horizontal

supports in the bend areas are also made of stainless steel (Figure 4). Reference:

/BOU 85/.

The straight-tube steam generatores are fitted into the Mulheim-Karlich nuclear power

plant. The tubes are made of the material Inconel 600TT and were manufactured

according to the Babcock & Wilcox design. Until now, this pressurised water reactor

was only in operation for about a year.

3 Water chemistry

The steam generator tube damages, which in general occurred only in the older

plants, were mainly localised on the secondary side. For this reason, this paper is

going to concentrate on the description of the secondary side chemistry.
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In principle, conditioning of the secondary system is performed by volatile akaline

treatment (with hydrazine or ammonium hydroxide). Figure 5 shows the historical

development of the secondary side chemistry in German plants. After initial start-up,

older plants were operated almost exclusively with phosphate operation (pH > 8.8). In

addition to the already mentioned volatile alkaline treatment, the solid alkaline PO4

was added to the steam generator feedwater. After the occurrance of wastage

corrosion mainly in the tube sheet areas and on the insides of the tube bends, the

water chemistry was optimised. In the course of this optimisation, operating was

changed to "AVT" operating (AJI Volatile T/eatment, - pH < 9.2 -). In an intermediate

step, phosphate operating with an increased pH value (pH < 9.5) was kept being used

for some plants until at the end of the 1980s all older plants were converted to "high

AVT" operating (pH > 9.8). Newer plants have from their first day of operation

exclusively been operated at "high AVT" operating. This kind of operating requires a

copper-free secondary system. Reference: /DOR 86/, /HEI 84/, /SCT 83/.

The other requirements to the coolant (e.g. limitation of chloride, oxygene, silicic acid,

iron) are laid down in the "VGB Richtlinie fur das Wasser in Kernkraftwerken mit

Leichtwasserreaktoren" (VGB guideline for the water in nuclear power plants with light

water reactors) /VGB 88/.

4 Number of the steam generator tubes plugged so far;
causes for damages and plugging criterion

Table 3 lists the number of all the plugged steam generator tubes in German

pressurised water reactors. It demonstrates clearly that ft is mainly the older plants

which are affected, whereas newer plants have a very small or no failure rate at all. Of

the total of 193.335 tubes in operation, 973 (=0.5%) had to be plugged during the

continuing operation as a precautionary measure due to wall-thinning. During the

manufacturing of the steam generators, 340 tubes were plugged. Thus, a total of 1313

(=0.68%) tubes were plugged.

Table 4 lists the number of plugged steam generator tubes according to the different

causes for the damage. This shows that the majority of tubes were plugged due to

wastage corrosion. There follows fretting corrosion and, in some particular cases,

pitting corrosion. Wastage corrosion was found just above the tube sheets in the

areas where corrosion products had settled, and, in one plant, on the inside of a tube
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bend area. Fretting corrosion was mainly found in two plants, in the bend area of the

outer tube configuration.

Figure 6 shows on the examples of the plants Stade and Biblis A that wastage

corrosion occurred mainly at the beginning of the 1980s. After optimised operating -

essentially through the annual cleaning of the tube sheets from corrosion products

and a change in the water chemistry - the failure rate was significantly reduced.

For the plugging of tubes due to damage, a plugging criterion has been defined. This

plugging criterion prescribes which degree of wall-thinning requires plugging.

Wall-thinnings are measured during tests by eddy-current or ultrasonic

measurements. The plugging criterion was fixed at 50% wall-thinning /SCT 81/.

5 Number of leaks and leakage volumes

Table 5 lists the number of leaks and the leakage volumes. According to these

figures, there have so far been six leaks, with two cases of leakage volumes of 25 and

40 litres per hour. The causes for the damage in these cases were wastage and

fretting corrosion. In the remaining cases, the leakage volume remained below 10

liters per hour.

6 Conclusion with regard to operating experience

Operating experience with steam generators in German pressurised water reactors

has so far been very good. After some difficulties at the beginning of the 1980s, the

failure rate could be decreased considerably through counter measures. After a

change in operating and the implementation of further counter measures in the older

plants, there has also been success in stopping the further progress of the damage of

affected tubes. In the newer plants, there have so far been no damages recorded.

Based on the relatively low number of damages and leakages it can be claimed that

there is a good combination of materials, design and manufacture, and water

chemistry.

The details about the number of damages and leakages were kindly provided by

Siemens KWU.
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7 Estimation of the frequency of leaks

The expexted frequencies of steam generator tube leaks with various dimensions has

been estimated on the basis of operating experience gained so far in German

pressurised water reactors. Table 6 shows the estimations for the expectation value

and the upper 95% confidence value. At the end of 1992 there will be a total of

approximately 540 years of operation of steam generators with tubes made of Incoloy

800. The total number of steam generators is 49.

The evaluation of operating experience shows that the current practice of recurring

service inspections of steam generators makes it possible to detect with great

reliability any continuing damage which might lead to leaks in a larger number of

tubes. The practice applied so far to plug tubes where wall-thinning of more than 50%

has been found has avoided the development of leaks.

Firstly, small leaks will have to be considered. The upper limit value that can be

deducted from photograhed damages and from experiments for a leak size that

constitutes the sum of several leaks from the already described mechanisms is

AL<=0.02 A (A: cross-sectional area of the tube). The frequency determined for the

development of leaks of this size is based on the statistics for all the leaks that have

developed during operation. The actual leak sizes that did develop were, however,

considerably below 0.02 A.

Furthermore, there is to be considered the case of one single wall-penetrating crack or

rupture (tearing-off) of a tube (2 A). The height of this frequency value was gained

from a zero-failure statistic. The operating experience is not sufficient for making finer

subdivisions for leak sizes between 0.02 and 2 A. The estimation of the frequency of

the "2-A break of a steam generator tube" is conservative.

For the estimation of the frequency of the break of two tubes (4 A), relevant

possibilities are considered, like the simultaneous failure of two tubes as a

consequence of a pressure transient, e.g. through the break of a main steam line, or

the break of a further tube as a consequence of the break of one tube (consequent

break).
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The great uncertainty about the probability that the break of one steam generator tube

may cause damage to a neighbouring tube and subsequently may lead to further

leaks was assumed as evenly logarithmically distributed within a scope of 10'1 and

1CT4. This takes into consideration the numerous imaginable break configurations of a

tube and the possible resulting loads acting on neighbouring tubes. Until now we have

not been able to give a conclusive reason for the approach of this area. The

observations of the interaction correlations have shown that consequent break

accounts for the majority of cases in the frequency of leaks with A^ > 2A /GRS 90/.

For the constructional, material-related, and operational framework conditions that are

to be considered no damage mechanisms can be deducted where as a consequence

the break of a larger number of tubes (> 4A) might occur.
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Table 1 Chemical Composition of Steam Generator Tube Material Incoloy 800 (X2 NiCrAITi 32 20)

Element

C

Ni

Cr

Fe

Cu

Co

Ti

Al

Mn

Si

P

S

others

Composition [%]

0.03 max.

32.0-35.0

20.0-23.0

Bal.

0.75 max.

0.10 max.

0.60 max.

0.15-0.45

0.40-1.0

0.30-0.70

0.020 max.

0.015 max.

Ti/C>12

TV(C+N) > 8

Table 2 Material Properties of Steam-Generator Tube-Material Incoloy 800 (X2 NiCrAITi 32 20)

Temperature

20

100

200

300

350

400

Material Properties

Rpo.2
{N/mm4}

335-470

325

315

305

295

285

fl\!/mm*J
570-700

550

525

505

495

485

A*
I%3
30

25

20

20

20

20

160



Table 3 Number of Plugged Tubes in Steam Generators During Continuing Operation in German

PWRs

Plant

Stade

Biblis A

Neckarwestheim 1

Biblis B

Unterweser

Grafenrheinfeld

Obrigheim (new)

Grohnde

Philippsburg 2

Brokdorf

Isar2

Emsland

Neckarwestheim 2

Commercial

Operation

1972

1975

1976

1977

1979

1982

1983

1985

1985

1986

1988

1988

1989

No. of

Tubes

11.972

16.240

12.063

16.084

16.084

16.344

6.020

16.344

16.424

16.344

16.472

16.472

16.472

193.335

No. of

Plugged

Tubes

318

589

15

50

0

0

0

1

0

0

0

0

0

973

Status: 31.12.1991
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W » Wastage SCC = Stress Corrosion Cracking 1)» 63 tubes plugged as preaudtional measure due to Installation of additional AVB's
F - Fretting P P - Plugged Preventively 2) - Wastage In he Innermost U-bend
P - Pitting PWSCC = Primary Water Stress Corrosion Cracking 3) - Not tnspectabte
D = Denting 4) - Pulled Tubes

5) » Due to a foreign/loose part



Table 5 Summary of Leaks of Incoloy 800 Tubed Steam Generators in German PWRs

Leak
Detection

{Month/Year)

8/'8O

9/'81

12/'83

9/"91

Plant/SG-
No.

Biblis B/01

Stade/03

Biblis A/01

Biblis A/03
Biblis A/04

GKN 1/02

Leak Rate
(I/h)

<1

25

3

2

40

at first 0,1
at last 2,5

Damaged
Region

in sludge pile
above tube

sheet

innermost tube
rows in U-bend

area

outer tube
rows in U-bend

area

outer tube
rows abov tube

sheet

Cause

Wastage with
simultaneous pitting

Wastage

Wastage

Fretting

Fretting

Fretting due to a
foreign/ loose part

Total: 6 Leaks

Status: 31.12.1991
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Table 6 Estimation of Leakages in Steam Generators caused by SG-Tubes

leakage area;
(cm2)

0 - 0.06
(0.02 A)

0.06 - 6
(2 A)

6-12
(4 A)

>12
(>4A)

method:

statistics of small leaks

zero failure statistics, no large leak occurred

zero failure statistics, no break occured,
assumption:
one break triggering an additional one

for leakage areas > 4 A no meaningful scenario
found

frequency:

1.2 E-2

(2.1 E-2)

1.0 E-3

(3.6 E-3)

1 E-5

(1 E-4)

—

XE .X^: mean value and 95% confidence limit of frequency/Steam Generator - year

cross section of tube

Status: End of 1992

164



Steam outlet

Man opening

Tubes

Tube support grid
(eggcrate)

Hand opening

Tube sheet

Primary medium
inlet

Feedwater inlet

Primary chamber

Primary medium
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Fig. 1: Steam Generator without Economizer
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20.1m

3.667m

Feed water
Supply:

10% Flow

50% Flow

40% Flow

Fig. 2: Steam Generator with Economizer
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Tube sheet

max. 3

Expanded
portions

Cladding

Tube to tube sheet
welding

Fig. 3: Steam Generator: Connection Tube to

Tube-Sheet
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Corrugated Strip

Vertical Strip

Horizontal Strip <$

Fig. 4: Steam Generator: Support of U-Tubes
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Fig. 6: Plugged Tubes due to Wastage-Corrosion

above the Tube Sheet


