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Résumé

On a passé en revue la performance, en 1977; des tubes de générateur de

vapeur dans les réacteurs refroidis par eau. Sur les 79 réacteurs étudiés,

34 ont connu des défaillances de tube. On indique les causes de ces

défaillances ainsi que les méthodes d'inspection et de réparation conçues

pour y remédier. Bien que la orrosion soit la principale cause des

défaillances de tube, on a identifié certains mécanismes at on a mis au

point des méthodes de prévention. Ces méthodes, que l'on applique

actuellement, devraient permettre de réduire dans l'avenir les défaillances

résultant de la corrosion.
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ABSTRACT

The performance of steam generator tubes in water-cooled nuclear power i

reactors has been reviewed for 1977. Failures were reported in 34 of the

79 reactors surveyed. Causes of these failures and inspection and repair

procedures designed to deal with them are presented. Although corrosion

remained the leading cause of tube failures, specific mechanisms have been

identified and methods of dealing with them developed. These methods are

being applied and should lead to a reduction of corrosion failures in future.
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INTRODUCTION

Water-cooled nuclear power plants use thin-walled (^1.2 mm) tubes in

steam generators to separate the primary and secondary systems. When these tubes

fail, a plant shutdown is required so that they may be plugged. Steam generator

problems have caused 23% of major outages (100 hours .and over) in United States

pressurized water reactors between 1971 and 1977 June. The mean duration of these

major outages was 523 hours and the main cause was tube failure (1). Making the

usual assumptions of nuclear and fossil plant efficiencies of 30 and 40 per cent

respectively, this corresponds to consumption of over 700,000 barrels of residual

oil or 150,000 t of bituminous coal for replacement power during the "mean outage"

of a 1000 MWfe) plant. In addition, both tube plugging, and routine inspection

made necessary by the considerable number of tube failures, give rise to signifi-

cant man-rem expenditure. Hence there is a great incentive to understand the

causes of steam generator tube failures so that steps may be taken to prevent

recurrence.

The performance of steam generator tubes during 1977 has been reviewed.

Data on tube failures and their causes are presented as in previous surveys by

Atomic Energy of Canada Limited (2-7). Included in the survey are water-cooled

reactors of more than 50 MW(e) (except for NPD*) with at least 100 effective full-

power days (EFPD) of operation at 1977 December 31. Reactors in Eastern Bloc

countries have been excluded because of lack of data.

Appendix 1 lists the reactors and their cumulative experience with steam

generator tubes. The 79 reactors listed are of the following types:

- 60 pressurized water reactors (PWR)

- 12 pressurized heavy water reactors (PHWR)

- 6 boiling water reactors (BWR)

- 1 water-cooled graphite-moderated reactor

Steam generator tubes were plugged at 33 reactors because of leakage or

tube degradation discovered during routine inspection and at two reactors where

tubes were removed for laboratory examination. At Douglas Point a steam generator

*NPD - Nuclear Power Demonstration Reactor, Rolphton, Ontario, 25 MW(e).
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unit was removed for examination after a tube failed by fretting.

SURVEY OF 1977 FAILURES
Operations are described below for power reactors in which steam generator

tubes failed during 1977. A summary of these operations is presented in Table 1.

BEZNAU-1,2, SWITZERLAND

Three steam generator tubes in Beznau-1 i-jere plugged in August. These

tubes had leaked because of caustic stress corrosion cracking within the tubesheet

crevice. This compares to seven tubes each in 1975 and 1976 (6,7) failing by

this mechanism.

In Unit-2 41 tubes were plugged. One had leaked due to caustic stress

corrosion cracking within the tubesheet crevice. The others were plugged

because of wastage corrosion in &»= sludge zone above the tubesheet.

Forty-five tubes were inspected in Unit-1 in 1977. In Beznau-2 a

complete inspection was carried out by remote eddy-current. A large number of

tubes were inspected to the first support plate (2907 in cold side, 1488 in

hot side). A total of 1093 tubes in both cold and hot sides were inspected

through to the top tube support and 159 tubes were inspected through the U-bend

in steam generator B. Inspection results showed that tube deterioration by

wastage has abated in Be;nau-2.

BRUCE-2, CANADA

There are eight boiliers ir> each of the Bruce A reactors. These are

arranged in two groups of four above and at either end of the reactor core.

Each group of four is connected to a horizontal steam drum which runs perpendicular

to the reactor vessel. There are two separate preheaters for each bank of four

steam generators.
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Primary to secondary leakage was detected on the last day of 1977.

When the steam generator was inspected, no confirmed leakers could be found

but four suspected tubes were plugged. Upon return to power, the leakage

continued and during a subsequent inspection two leakers were confirmed. Eddy-

current testing indicated that a third tube had a defect which was almost through

the tube wall. In addition, two seal welds were suspected to be faulty and these

tubes were plugged.

The defects were located above the last baffle plate where the tube

begins to curve into the U-bend on the hot side. The cause of failure has not

been established.

DOEL-L2, BELGIUM

Ten steam generator tubes were plugged at Doel-1. These tubes were

damaged by foreign objects in the steam generator just above the tubesheet on

the outer perimeter of the tube bundle. In Unit-2, two tubes leaked at the tube-

to- tubesheet rolled joint in steam generator A. Failed tubes were fitted with

Inconel-600 plugs and welded.

A large number of tubes were inspected by automated eddy-current in

both units. In Doel-1, 525 tubes in steam generator A and 300 in steam generator

B were inspected throughout their full length. A smaller number were inspected

through 75% of the tube length. In all, 1144 tubes were inspected in steam

generator A and 357 in B. In Unit-2, 1041 tubes were inspected from the cold

leg, 336 from the hot leg, 18 right through and 130 on both cold and hot legs in

steam generator A. In B, 546 tubes were inspected from the hot leg and 71 were

tested throughout their length.

Doel condensers are cooled by brackish water and although no condenser

leaks occurred during 1977, about 10% of condenser tubes were plugged during 1976.

The station has full-flow condensate demineralizers and during 1976, good chemistry

was maintained even in the presence of considerable condenser inleakage.

The terms Inconel-600, Monel-400 and Incoloy-800 are trademarks of INCO Limited.
They are used throughout this report because of general familiarity. Their use
does not imply that the materials were necessarily supplied by INCO.



Table 1 - SUMMARY OF STKAM GENERATOR TUBES PLUGGED DURING 1977

I.EACTOR

beznau-]

Be-mail-2

Biblis A

llruce-2

TUBES
PLUGGED

3

41

2

9

FAILURE
CAUSE

sec

SCC.W

UD

FAILURE
LOCATION

TS crevice

TS crevice.
above TS

top TSP,

SECONDARY
CHEMISTRY
CONTROL

AVT

AVT

PO

AVT

CONDENSER
COOLING
WATER

Fresh

Fresh

Fresh

Fresh

CONDENSER COMMENTS
LEAKS

No

No

Yes

No

1 leaker in TS
c revice

removed fov
examinatJ jn

4 leakers

10 foreign
object

AVT,CD

Boel-2

Douglas Point —

Dresden 4

Garigliano 102

Ginna 19

Haddam Neck 2
(Conn. Yankee)

Indian Point-2 15

KWO
Obrigheim

Miharaa-2

Millstone-2 762

N-Reactor

manufacturing rolled joint AVT,CD
error

fretting baffle plats AVT

Oconee-1

Oconee-2

Palisades

59

14

16

Brackish No

Brackish No

Fresh

random

fretting, 14th TSP
fatigue,
erosion 10th-14th TSP

fretting, 15th TSP,
erosion 12th TSP

AVT

AVT

AVT,CD

AVT,CD

Sea

Fresh

Fresh

fatigut 15th TSP

W,EC random
indications,
blockage

AVT,CD Fresh

AVT,CD Fresh

AVT Fresh

"hairpin" tube
bundle removed
(10 hairpins per
SG) 1 leaker

UD

UD

W,SCC

UD

UD

SCC.UD

outer edge
bundle

above TS

above TS

above TS

within TS,
top TSP

above TS

of NR

None

AVT,CD

AVT

AVT

AVT

Fresh

Fresh

Fresh

Fresh

Brackish

Fresh

NR

Yes

NR

No

Yes

Yes

BWR

BWR

CD as of 1977 Dec

Yes

Yes

removed for
inspection

main condenser
retubed 1977 May

all failures in

SS tubes

OTSG, 4 leakers

OTSG

OTSG, 3 leakers

Sleeves Installed
in 8 tubes instead
of plugging.
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Table 1 - cont'd

REACTOR TUBES FAILURE FAILURE SECONDARY CONDENSER CONDENSER COMMENTS

PLUGGED CAUSE LOCATION CHEMISTRY COOLTNG LEAKS
CONTROL

Point Beach-1 15 W or SCC, TS crevice AVT Presh Yes
blockage TSP, above TS

1 leakerPoint Beach-2

Prairie
Island-2

Rancho Seco

Ringhals-2

Robinson-2

San Onofre

Surry-1

Surry-2

Takahama

Tarapur-2

Three Mile
Island-1

6

1

8

230

19

44

635

927

63

54

8

SCC or W

UD

UD

D

W

fretting,
W,D

D.W.SCX

D,W,SCC

SCC,UD

UD

fretting,

above TS

within TS

15th TSP

TSP

UD

AVB, above
TS

TSP, above

TS

TSP, above
TS

TS crevice,

U-bend

random

15th TSP,
7-8th TSP

AVT

AVT

AVT,CD

AVT

PO4

P04

AVT

AVT

AVT

CD

AVT,CD

Fresh

Fresh

Fresh

Sea

Fresh

Sea

Brackish

lirackish

Sea

Sea

Fresh

Yes

No

No

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

3 tubes removed
for inspection

12 1 cakers

21 leakers

as of 1978 March

BWR

OTSC

Tihange 13 thinning 40 cm above AVT Fresh No data as of 1978
TS February

Trino 5 fretting AVB AVT Fresh Yes

Turkey
Point-3

Turkey
Point-4

AVB
AVT
BWR
CD
D
EC
NR
oTsn

604 D,SCC TSP

fi29 D.SCC TSP

anti-vibration bar

all-volatile treatment
boiling water reactor
condensate demineralization
denting
eddy-current
not reported
once-throueh steam generator

AVT

AVT

sec!
so
ss
TS
TSP
UD
W

Sea Yes 1 leaker

Sea Yes 11 leakers, 2
removed

phosphate treatment
stress corrosion cracking
steam generator
stainless steel
tubesheet
tube support plate
undetermined
wastage



DOUGLAS POINT/ CANADA

Four steam generators are grouped together in parallel at each end of

the Douglas Point reactor. Each boiler comprises ten vertical U-tube "hairpins"

connected to a steam drum. Each hairpin consists of a U-shaped shell containing

195 U-tubes. During 1977 a tube failed in boiler 5. The entire hairpin was

removed and destructively examined. It was found -chat the tube had failed by

fretting. This is the second steam generator tube failure at Douglas Point.

Both failures have occurred in boiler 5 and in each case the entire tube bundle

has been removed. The tubes in boiler 5 are not supported at the U-bend and it

is thought that because of this the tubes experience higher vibration levels

than in the other steam generators.

Douglas Point and the Bruce A units are designed so that steam can be

supplied to the Bruce bulk steam plant which, in turn feeds the Bruce Heavy Water

Plants. Condensate return from the steam plant has higher conductivity than that

from the condenser.

DRESDEN-L USA

Four steam generator tubes were plugged in Dresden-1, two in each of

two boilers. Leaks occurred in tubes located at the outer perimeter of the tube

bundle. They were located by hydrostatic test and plugged with stainless steel

plugs. The cause of failure was not determined.

GARIGLIANO, ITALY

During 1976 the steam generators at Garigliano BWR were valved out

because of tube leaks (7). During 1977 the steam generators were inspected and

102 tubes were fitted with stainless steel plugs and plugged with a pneumatic

hammer. All leaks occurred within 760 mm of the top of the tubesheet.

GINNA, USA

The steam generators at Ginna were inspected during the April, 1977

maintenace and fueling outage. Eddy-current examinations were performed at 400

kHz and 100 kHz to detect corrosion and cracking defects, 400 kHz for dent
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evaluation, 25 kHz for sludge profiling and 3.5 kHz to verify support plate

integrity. All defect indications were within the first iew centimetres

above the tubesheet. A single defect in the U-bend of steam generator B was

also detected. It was located in a tube on the perimeter of the tube bundle

and was believed to be a manufacturing defect. The defects just above the

tubesheet were believed to be caused by wastage corrosion. These were

all found in areas where defects had been previously noted and it can therefore

be concluded that tube deterioration bv wastage has been arrested. Dent evalua-

tion showed that no dents larger than 0.13 mm exist in the steam generators.

Support plate evaluation showed the support plates to be in good condition.

A small number of tubes on the hot side of boiler A showed accelerated

wastage compared to the average. This is believed to be caused by local concen-

trations of residual phosphates. Ginna has been using all-volatile treatment

for secondary chemistry control since 1974 November. Continuous blowdovn and high

pressure water lancing have been used to reduce phosphate concentration and the

sludge deposit. In 1977 December, in-line full-flow condensate demineralizers

were installed in the feed-train.

In 1976 April a leak had occurred in a tube on the tube bundle perimeter

in the wedge areas. It was thought that this tube had defected from the inside

wall. No similar defects were found during the 1977 inspection. Inservice ins-

pection in April 1978, however, revealed that 12 tubes in the hot side of steam

generator B had small defects on the inside wall. These were located in the

peripheral wedge area and were plugged as a precaution. One tube was renoved

for examination.

HADDAM NECK (CONNECTICUT YANKEE), USA

Two tubes were explosively plugged at the Haddam Neck plant during 1977.

Both defects were located more than 25 mm above the tubesheet but the cause of failure

was not determined. A thorough eddy-current inspection was performed at 400 kHz

through the U-bend and to the first tube support on the hot sides of all four

steam generators. A sludge profile was taken at 25 kHz through approximately

125 tubes in the hot sides of all boilers. Secondary chemistry control was



changed to all-volatile treatment in 1975. Residual phosphate is still detected

at low power and during shutdown.

INDIAN POINT-2, USA

Three leakers were plugged at Indian Point-2 ac of 1977 August. Fifteen

tubes have been plugged, 9 in the #22 steam generator and 6 in the #24 steam genera-

tor. Defects occurred in boiler #22 below the top of the tobesheet and in #24 at

the top support plate. Inspection was hjerformed with automated eddy-current and

plugging was done by explosive plugs.

KW3 OBRIGHEIM, FRG

Twenty-four steam generator tubes were plugged at Obrigheim during 1977.

Failures in steam generator 1 were caused by stress-corrosion cracking just above

tne tubesheet, near the centre of the tube bundle on the hot side. In steam

generator 2, failure was caused by cracking at the U-bend of tubes in the inner

row.

Eddy-current inspection was performed on 1395 tubes in steam generator

1 (40 through the U-bend, the remainder to the topmost support grid) and 154 tubes

in steam generator 2 (5 through the U-bend).

MILLSTONE-2, USA

During inspection of the steam generators at Millstone-2 in 1977 flay,

dents were discovered in tubes at the intersection with the tvro drilled-hole

partial support plates. Eddy-current indications of 0.15 mm and 0.13 ran res-

pectively, were recorded at support plates 10 and 11 in the hot leg of steam

generator 2. By November, the tubes had deteriorated further and the support

plates had distorted. Ligaments between tube holes were cracked and plate

sections had s) lifted, giving rise to shear stresses on some tubes.

A number of steps were taken to repair the steam generators for continued

operation. The partial support plates are fastened to the shroud by lugs and have

a non-perforated rim. f: • ;e were cut where possible to relieve the stresses.
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As a preventive measure, 350 tubes in steam generator 1 and 412 tubes in steam

generator 2 were plugged by semi-autcmated TIG welding. A tube support inter-

section containing three tube-to-plate intersections was removed as well as a

tube passing through the sludge region and the lattice (egg crate) supports only.

Secondary water chemistry at Millstone-2 has always been controlled by

all-volatile treatment, although a substantial number of condenser tube failures

have led to large chloride ingress. In 1977 May the condensers were re-tubed and

no further problems have been experienced. Full-flow condensate demineralizers

were installed late in the year for operation during the next power run (8).

Eddy-current testing also revealed indications at tube-to-lattice and

tube-to-tubesheet intersections in both steam generators. In both cases reduction

of tube diameter was small (0.02-0.03 mm) (9).

N REACTOR CHANFORD) , USA

Seven tubes were plugged in steam generator 5B. This is one of two

steam generators tubed with stainless steel. No tube failures or dent indications

have been observed on any of the ten steam generators with Inconel tubes.

OCONEE-1,2,3, Ubn

Fifty-nine tubes were plugged in the once-through steam generators of

Oconee-1. Four of these tubes had developed leaks. The leaks were due to weld

failure of a previously installed plug, two fatigue cracks and one undetermined

defect at the 14th support plate. Ten tubes were plugged because of eddy-current

wear indications and an additional 45 tubes were plugged because of defect indications

greater than 40% of tube wall. Wear indications were observed at the uppermost

support plate and the upper tubesheet. Erosion type indications were found on

tubes at the periphery of the tube bundle at the 10th to 14th support plates.

Besides eddy-current inspection of 2500 tubes in steam generator A and 6218 in B,

the leaking tubes were visually inspected by fibre-optics techniques.

At Unit-2, tiree tubes wgre plugged because of wear and a fourth because

of erosion indications similar to those at Oconee-1. The wear defects were found



at the 15th support plate adjacent to the open lane but Lne erosion type defect

was located in the interior of the bundle at the 12th support. The cause of

the erosion type defects has not been determined.

In Oconee-3, no erosion type defects have been discovered. Three tubes

were plugged because of circumferential cracks at the 15th tube support or upper

tubesheet adjacent to the inspection lane. An additional 11 tubes in the sus-

ceptible area near the lane were plugged as a precautionary measure. Inspection

techniques at Units 2 and 3 are similar to those employed at Oconee-1, namely eddy-

current testing of a large number of tubes and fibre-optics inspection of leakers.

All tube plugging at Oconee is done by either explosive plugs applied

to both tube ends or by explosive plugs at the lower end and a metal rod at the

upper end. The latter method is used when failures occur near the upper tubesheet.

The metal rod is inserted into the tube to beyond the identified defect and sealed

at the top. Hence the tube is both sealed and stiffened against vibration (10).

The boiler manufacturer developed sleeving methods for once-through steam

generators. A proposal was put forth to sleeve 5 tubes by each of two methods

and to remove one of each at the next shutdown to evaluate their performance. The

sleeves were either 250 mm or 450 mm long and were to be expanded into the top

section of the steam generator tubes by either hydraulic or explosive methods (11).

PALISADES, USA

Sixteen steam generator tubes were plugged at Palisades after the 1977

operating cycle. Of these, four showed wastage, three were blocked and five had

multiple eddy-current indications. The remaining four tubes were plugged because

of problems with sleeves installed during the previous maintenance outage. Tubes

were plugged by automated TIG welding.

A large number of tubes in both steam generators were inspected by auto-

mated eddy--current techniques. In the A steam generator, 1846 hot-leg tubes and

110 cold-leg tubes were inspected to the U-bend. In steam generator B, 1436 hot-leg
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and 75 cold-leg tubes were inspected to the U-bend.

During 1976 Consumers Power and the steam generator manufacturer, Combus-

tion Engineering Limited, developed a technique for prolonging tube life by install-

ing sleeves in some steam generator tubes. These sleeves consisted of 200 mm long

tube sections of 0.8 mm wall thickness installed in the area of local wall thinning

by an interference mechanical joint. During the 1976 outage, fourteen tubes were

sleeved. Following the outage of 1978 January ten of these remained in service and

a further 25 were installed. Of the latter, 23 were successful. Eight of the tubes

sleeved in 1978 would have had to otherwise be plugged. To-date, this experiment

has shown encouraging results. It appears that tube life can be extended in most

cases by the installation of sleeves.

POINT BEACH-L2, USA

In steam generator 1A, ten tubes were plugged because of restrictions at

tube support plates and one tube because of a defect at the tubesheet crevice, la

steam generator IB four defects occurred above the tubesheet. At Point Beach-2,

two tubes were plugged in the 2A steam generator - one due to restriction at the

support plate and one because of thinning or cracking above the tubesheet.

Eddy-current, visual and hydrostatic inspections were performed on steam

generator tubes during the maintenance outage. At Unit-1 eddy-current inspection

was applied to 195 tubes to the U-bend, 402 tubes through the first support plate

and 510 tubes through the sixth support plate on the inlet side of the 1A steam

generator. On the outlet side 12 tubes were tested through the U-bend, 263 through

the first support and 178 through the sixth support. A similar inspection was per-

formed on tubes in the B steam generator (207 through U-bend, 289 through 1st tube

support, 121 through 6th support on hot side and 105 through 1st support, 80 through

6th support on cold side). In Unit-2 a similar inspection was performed on a

similar tube sample.

PRAIRIE ISLAND-2, USA

One steam generator tube was plugged at Prairie Island-2 during the 1977

November refueling outage. A leak was suspected but not confirmed until shutdown
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when an increase in primary coolant activity occurred and an increase in activity

of the secondary water was noted. Extensive hydrostatic testing failed to locate

the leak but subsequent eddy-current inspection regaled an 86% through-wall

defect in one tube. This was thought to be the leaker and was explosively plugged.

Upon return to power, no primary to s<="-<ondary leakage was evident (12) .

RANCHO SECO, USA

Eight tubes were plugged because of defects at the uppermost tube-support

plate of the once-through steam generators. Automated eddy-current was used to

inspect 1414 tubes in the A steam generator and 523 tubes in the B steam generator.

The tubes were inspected throughout their 17 m length.

RINGHALS-2, SWEDEN

During the 1977 outage, a large number of defects were observed in the

steam generators at Ringhals-2. Denting was observed in all three boilers but

was worst in number 3 where 95-100% of all tubes tested showed indications of

denting at all tube support plates on the hot side. Out of 1600 tubes tested

in ths number 3 hot side, approximately 100 would not allow passage of the eddy-

current probe. Distortion of the flow slot (hourglassing) was observed at the

seventh tube support plate. To avoid leakage during the next operating cycle,

72 tubes were plugged in the first row of each steam generator. A further 12 tubes

were plugged after removal of a section of the seventh support plate for dent

analysis.

All plugging was done with explosive plugs. In addition to eddy-current

inspection, photographs were taken through handholes and flow slots. No further

problems were experienced with steam generator tubes during the remainder of 1977.

ROBINSON-2, USA

In Robinson-2, 10 tubes were plugged in steam generator A, 3 in B ar.d 6

in C. The cause and location of the defects was not determined but may be related

to the use of phosphates for secondary chemistry control. Defective tubes were

located by automatic eddy-current inspection. Inspection was conducted on 1851

tubes in steam generator A, 1741 tubes in B and 1622 tubes in C. Tubes -*ere
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inspected throughout their entire length. Plugging was done by explosive plugs

and welding.

Robinson-2 is one of four reactors with Inconel-600 tubed steam generators

still using phosphate treatment of secondary water (the others are San Onofre, NPn and

Jose Cabrera). The Na:P04 ratio was maintained between 2.3 and 2.6.

SAN ONOFRE/ USA

At San Onofre, the major cause of steam generator tube defects continued

to be fretting at the anti-vibration bars. This mechanism was responsible for tube-

wall thinning beyond the plugging limit in 23 tubes. An additional 6 tubes were

plugged because of wastage above the tubesheet in the central area of the hot side.

Nine tubes were plugged because of diameter reduction due to denting. These were

located at the 1-iwer two suppc :t plates near the centreline flow slots and the

wrapper support wedges. In all 44 tubes were plugged.

Automated eddy-current inspection was conducted on 7S85 tubes through the

U-bend from the inlet side. During the previous in-service inspection (1976 October)

the flow slots in the upper tube support plates had been measured and were found to

show no deviation from the as manufactured condition. No change was observed in

photographs taken during this outage (13). Eddy-current results of the U-bend region

showed that some tubes were still deteriorating with the new anti-vibration bars

(square cross-section, Inconel) where these contacted points of contact with the

old bars (carbon steel) . The U-bend sections of 3 tubes were rtr.ioved to r metallur-

gical analysis (14).

SURRY-L2, USA

Twelve of 635 steam generator tubes plugged at Surry-1 had developed

leaks. These tubes had degraded by the dentincj mechanism at various support plates

and by either wastage or, more likely, stress corrosion cracking at the tubesheet.

At Suny-2, 927 tubes were plugged during 1977, of which 21 were leakers. The

causes of tube failure were similar to those at Unit-1. A significant number of

condenser tubes were plugged at both of these brackish water cooled reactors.
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As of 1978 February it had been decided that Unit-2 steam generator

tube bundles were to be replaced beginning in autumn of 1978 and Unit-1 tube

bundles would be replaced in autumn of 1979. It was expected that a six month

outage would be required for each reactor. The new steam generators have type

405 ferritic stainless steel tube support plates with "quatrefoil" broached tube

holes. Advantage will be taken of these outages to install full-flow condensate

demineralizers and retube the main condenseis with titanium (15).

TAKAHAMA-L JA1-AN

The second annual overhaul of Takahama-1 was completed during 1978 March.

Sixty-three steam generator tubes were plugged during 1977. Defects caused by

caustic stress corrosion cracking were located at the tubesheet crevice. The cause

of failure of a number of tubes in the U-bend region has not been determined but

investigation is under way. Denting has not been observed at Takahama-1. The

station condensers are cooled by sea water, but no condenser leakage has occurred

in either unit during 1976 and 1977. Takahama-1 was operated r . phosphate control

of secondary water for only a few months in 19 74.

All steam generator tubes were inspected by eddy-current throughout their

length. Helium was used to detect leaks in the U-bend region. In addition, 10

tubes were removed for destructive examination.

TARAPUR-1,2, INDIA

A small amount of priirary-to-secoridary leakage was observed in Tarapur-".

during 1977 but no steam generator inspection was performed. On Tarapur-2, 54

tubes were plugged in secondary steam generator 2B. The cause of failure was not

determined. Leaking tubes were detected by hydrostatic test and plugged with

stainless steel plugs fastened with a pneumatic hammer.

THREE MILE ISLAND-L USA

As previously reported (6) eight steam generator tubes were plugged at

Three Mile Island-1 during 1977. Six tubes ware plugged because of wear at the

uppermost tube support of the once-through steam generators. Two additional tubes

showed thinnning in the region of the seventh and eighth supports. The cause if

thinning has not been determined.
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TIHANGE, BELGIUM

Thirteen tubes were plugged in the Tihange steam generators as of

1978 February. Six tubes had suffered wall thinning in excess of 50% and 7 had

thinning between 20 and 50%. The defects were located about 400 mm above the

tubesheet and the tubes were plugged by welding. During the in-service inspection,

120 tubes (48 cold leg) were inspected in steam generator 1, 205 tubes (33 cold leg)

were inspected in steam generator 2 and 2625 tubes (940 cold lea) were inspected in

steam generator 3. Inspection was performed by automated eddy-current techniques.

Tihange has not operabed with phosphate control of secondary water chemistry.

TRINO, ITALY

Five tubes were plugged at Trino during 1977. Two of these were located

ill steam generator B and 3 in steam generator C. All defects were caused by fretting

at the anti-vibra+\ion bars. A large number of tubes were inspected by automated eddy-

current in B, C and D steam generators. Wear was observed in a small number of tubes

at the anti-vibration bars. About 10 tubes, in addition to those plugged, showed

well thinning in excess of 40% but still within acceptable limits. These nay re-

quire plugging at the next maintenance outage. This is the first instance of steam

generator tube plugging at Trino in over 2500 effective full power days of operation.

TURKEY P0INT-3A USA

At Turkey Point-3, 604 steam generator tubes were plugged during 1977.

Of these, only one had leaked. The reminder were explosively plugged as a pre-

cautionary measure. Denting was the mechanism responsible for the defects which

were located at tube support plates. At Unit-4, 629 steam generator tubes were

plugged. Eleven of these had developed through-wall defects. The failures were

caused by denting and were located at tube support plates. Eddy-current and

gauging probes were used to inspect 1550 tubes in the hot leg of each steam generator

in Unit-3 and a smaller number of tubes in the cold legs.

A small nurrber of condenser tube leaks were experienced by both Units

during 1977. The nickel-copper condenser tubing is being replaced by titanium.
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Steam generator lover assemblies consisting of primary channel head, tube bundle

and secondary shell have been ordered. A preliminary schedule calls for com-

mencement of repair on Uhit-4 during the first quarter of 1979 (16) .

OTHER DEVELOPfENTS

KWL LINGEN, FRG

Lingen has been shut down since 1977 January when cracks were discovered

in the welded joint between the tubesheet and shell.

MAINE YANKEE/ USA

Denting was detected at Maine Yankee during routine in-service inspection.

In steam generator 1, of 225 tubes inspected, 32 had dents at one of the two drilled

hole partial support plates. In steam generator 2, 20 out of 235 tubes tested showed

sane denting. The dents were minor, averaging 0.02 to 0.05 mm with a maximum of

0.1 mm in steam generator 1 and about 0.05 mm in steam generator 2(17). Minor dents

were also observed at the intersection with the tubesheet (18). Since denting was

minor no tubes were plugged prior to the subsequent operating cycle. All-volatile

treatment of secondary water has been used at both Maine Yankee and Millstone-2

since initial operation. This was the first field evidence that previous phosphate

treatment was not necessary for denting to occur at brackish and sea water sites.

The significance of "dent-like" eddy-current indications at "egc crate" supports

and the tubesheet is not yet clear.

SHIPPINGPORT, USA

Shippingport began operating in 1977 September after a three year shut-

down for conversion to a light water breeder reactor (LWBR). Singley has reviewed

steam generator performance at the plant between 1965 and 1975 (19). The original

steam generators were tubed with stainless steel-304 and, after some leaks in the

IB steam generator due to caustic stress corrosion cracking, trouble free operation

was experienced between 1958 and 1964. As part of a plant up-rating in 1964 larger

steam generators with Inconel-600 tubes were installed. Examination of the stain-

less steel tubes showed that although no further leaks occurred, stress corrosion

cracking was widespread.
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The steam generators installed in 1964 were of two types, 1A and ID

had horizontal, straight-tube bundles with cylindrical drilled-hola support

plates of carbon steel. Steam generators IB and 1C had horizontal U-tube bundles.

Support plate holes were cylindrical but chamfered at each end.

During the period 1965 to 1971 secondary v/ater charaistry was controlled

by phosphate addition. All-volatile treatment was initiated in 1971 because of

tube corrosion attributed to the use of phosphates. Corrosion was e>:perienced at

the U-bend of steam generators IB and 1C where tube restraint was provided by a

broad strap similar to that in Mihama-1. In the straight-tube boilers, corrosion

occurred at the crevice formed by tubes and cylindrical support plate holes.

Leaking tubes were plugged (at both ends) and susceptible tubes were flow-

blocked by installing a plate over the inlet ends of some tubes to prevent primary

flow and therefore heat transfer. No corrosion-related problems were experienced

from conversion to all-volatile chemistry until the reactor was shutdown in 1974.

During the shutdown period, the straight-tube steam generators were replaced with

identical spare units.

Steam generator 1A was removed from service in 1973 after 1016 effective

full power days. Fifty-six tubes had been plugged. Twenty-five tubes were plugged

in ID and 40 were flow-blocked. In the U-tube steam generators 33 tubes were

plugged in IB and 15 in 1C. Flow blocking plates were installed in each of the

U-tuhe boilers over 189 tubes.

HISTORY OF TUBE FAILURES

The history of tube failures is shown in Table 2. Over the period 1971-

77 an average of 39% of the reactors surveyed reported steam generator defects

which required tube plugging. For 1977 this percentage was somewhat higher than

the historical average. Thus a significant number of reactors experience steam

generator tube failures each year.
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TUBE DEFECTS vs YEAR

YEAR

197 V'

1972

197 3

1974

1975

1976

1977

'ii Su rve\

34

J O

4 8 C

59

62

68

79

Rent-tors
with Defects

19

13

11

25

22

25

34

7 with Deforts

56

36

23

42

35

37

4 3

1
m survev

337,808

364,691

553,883

742,623

783, 43J

879,333

1,008,893

Tubes
with Defei-ts

I3O5b

1066

3942

1990

1671

3763

4355

;V with Defects

0.39

0.29

0.71

0.27

0.21

0.43

0.43

a Cumulative to the end of 1971.
b Excludes pre-operational tube failures in N-Reactor and Tarapur-1 and 2,
c Amended total.
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Table 2 also shews that the number of steam generator tubes in service

has tripled in the last seven years. There are in excess of one million tubes in

service new. The defect rate of tubes in the period 1971-77 has ranged from

0.21% to 0.71% with an average of 0.39%. The tube failure rate in 1977 was

slightly greater than this average. In 1973 there v;as a sharp increase in the

tube failure rate because of phosphate wastage. In 1974-75 the failure rate dropped

as many reactors changed over to all-volatile treatment. Then in 1976-77 denting

emerged as a serious problem and caused another increase in the failure rate. Up

to the end of 1977 approximately 1.7% of the tubes in service had beer, plugged.

Tnere is same uncertainty in the number of tubes which were plugged each year.

However, the number of cumulated defects to the end of 1977 in Appendix I is

essentially correct.

Table 3 shews the influence of effective full power days (EFPD) in

service on cumulative tube defects. Whereas only 11% of the reactors with less

than 500 EFPD experienced tube defects 80% of the reactors with greater

than 1000 EFPD suffered tube failures. Similarly the percentage of tubes with

defects increased from 0.31% for reactors with less than 500 EFPD to 1.77% for

reactors with 500-1000 EFPD. This suggests that there is an incubation time of

one to two years after which there is a sharp increase in the incidence of tube

failures.

There are only seven reactors which have exceeded 1000 EFPD without

suffering steam generator tube failures. They are Borssele, KKP Stade, Maine

Yankee, .'1SFR and Pickerinn Units 1, 3 and 4. The survey for 1976 showed that

there were five reactors in this category.

LOCATION OF 1977 FAILURES

Table 4 shows that most of the tube defects occurred at tube-to-tube

support plate intersections. Defects at this location were primarily caused by

denting in recirculating steam generators. In once-through steam generators

defects at tube support plates were caused by fretting and erosion. The next most

common location for defects was the sludge-filled zone just above the tubesheet.
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TABLE 3

CUMULATIVE TVISE DEFECTS vs EFPD*

TO 1977 DECEMBER 31

F.FPD

' 500

500-1000

> 1000

in Survey

16

?8

35

Reactors

with Defects

3

15

28

7, with Defects

19

54

80

in Survey

252,970

385,622

370,301

Tubes
with Defects

779

6837

9289

" with Defec

0.31

1.77

2.51

* Kffective Full Power Davs.

TABLE

LOCATION' OF 1977 FAILURES

Location Number of Reactors
Affected

Number of Tubes
Plugged

of Tubes Plugged

Tubesheet

Above Tubesheet

Support Plates

U-bend

Undetermined

8

12

15

3

5

< 78

244

3880

> 28

125

1.8

5.6

89.1

0.6

2.9
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Wastage and stress corrosion cracking were observed near the centre of the tube

bundle on the primary inlet end because of concentration of aggresive chemical

species in this region. The number of failures in the tube-to-tubesheet crevice

and at the U-bend was rattier small.

It is obvious that greater attention must be paid to the materials and

designs of tube support plates to minimize problems at the tube-to-tube support

plate intersections. Tube support plates with more 'open1 holes and/or more

corrosion resistant materials may be required to overcome these problems.

CAUSES OF 1977 FAILURES

The causes of failures in 1977 are summarized in Table 5. As in 1976,

denting continued to be the predominant cause of defects in 1977 accounting for

approximately 87% of the tubes plugged. Other causes included wastage, stress

corrosion cracking, fretting and fatigue. The cause of tube failures in

14 reactors was unknown.

DENTING

Denting continued to be a major problem in Surry-1 and 2 and Turkey

Point-3 and 4. Tn addition a significant number of tubes were plugged at

Millstone-2 and Ringhals-2 because of denting. All six reactors use al]-volatile

treatment, are cooled by brackish or sea water and have experienced condenser

leaks. San Qnofre/ which is cooled by sea water and which uses phosphate

treatment experienced only nine tube defects due to denting.

Among the fresh water cooled stations only Point Beach-1 and 2 reported

denting. A total of 11 tubes were plugged because of dent indications at these

two reactors.

The use of chemical additives such a1?- boric acid, calcium hydroxide and

sodium phosphate to prevent denting is being evaluated by steam generator designers

and utilities (20).



TABLE 5

CAUSES OF 1977 FAILURES

Cause

Denting

sec

Wastage

Fretting

Fat igue

Other

Unknown

N'lmber of Reactors
Affected

9

8

h

7

2

5

14

Number of Tubes
Plugged

3780

136

97

93

16

16

217

% of Tubes

86.8

3.1

2.2

2.1

0.4

0.4

5.0
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WASTAGE

Wastage from residual phosphates was observed in Beznau-2, Ginna,

Palisades and Surry-1 and 2. These reactors changed from phosphate treatment

to all-volatile treatment in 1974. Wastage also occurred in San Onofre and

Robinson-2 which are still on phosphate treatment. Only 2.2% of the tubes

plugged failed because of wastaae. No wastage-induced failures were reported

from reactors such as KKS Stade which use a low concentration of phosphate

(2 - 6 mg PO.Ag water) for treatment of boiler water.

STRESS CORROSION CRACKING

The strains induced by denting resulted in SCC of Inconel-600 tubes

from the primary side at Surry-1 and 2 and Turkey Point-3 and 4. SCC from the

secondary side necessitated plugging of tubes at Beznau-1 and 2, KWO Obrigheim

and Takahama. It is believed that this type of SCC was caused by concentration

of free hydroxide within the tubesheet crevice or within the sludge above the

tubesheet. Three of these reactors were previously on phosphate treatment and

free hydroxide could have been produced from residual phosphates. The fourth

reactor (KIO Obrigheim) has always operated on all-volatile treatment. In this

reactor the free hydroxide could have been produced by in-leakage of condenser

cooling water.

FRETTING

Fretting because of flow-induced vibration was observed at Douglas

Point, Oconee-1, 2 and 3, San Onofre, Three Mile Island and Trino Vercellese.

The fretting defects in once-through steam generators occurred at the uppermost

tube support plate and the upper tubesheet adjacent to the open lane. In San

Onofre and Trino Vercellese fretting occurred at the anti-vibration bars at the

U-bend. Fretting was responsible for 2.1% of the tube defects in 1977.

FATIGUE

Circumferential cracking by high cycle fatigue caused tube leaks in

the once-through steam generators of Oconee-1 and 3. Cracking occurred in tubes

adjacent to an open lane near the uppermost (15th) tube fipport plate or the upper

tubesheet. Fatigue caused only 0.4% of the tube defects Li 1977.
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OTHER CAUSES

At Doel-1 tube defects were caused by a foreign object in one steam

generator, while at Doel-2 manufacturing error was believed to be the cause of

leakage at rolled joints. At Bruce-2, leaks were detected at two tube-to-tubesheet

seal welds. At Oconee-1 and 2 some tubes at the periphery of the tube bur.dle

suffered erosion at the 10th to 14th tube support plates. The cause of failure

of 5% of the tubes in 14 reactors was unknown.

INSPECTION AND REPAIR PROCEDURES

A majority of operators inspected at least some of their steam generator

tubes with manual or automatic eddy current techniques. In general a frequency of

400 kHz was used for corrosion or dent evaluation and a frequency of 25 kHz for

measurement of sludge height. Other techniques such as tube diameter gauging,

fibre optics and ultrasonic testing were also used by some operators.

Defective tubes were plugged explosively or by welding. In a few cases

the plugs failed during operation and had to be repaired. In Palisades sleeving

of tubes was used as an acceptable alternative to tube plugging. In early 1978

there were 33 sleeved tubes in service. Eight of these tubes would have otherwise

required plugging. The sleeve was a 30 ran (12 in) long Inconel-600 tube which

spanned the defective area. The two ends of the sleeve were mechanically expanded

to contact the tube. Then both the tube and sleeve were hydraulically expanded

to form a leak tight joint. The sleeving of tubes in the upper region of the steam

generator has also been proposed for the three units at Oconee. This would stiffen

the tubes and prevent fatigue failures in that- region. Steam generators at Surry-1

and 2 and Turkey Point-3 and 4 will be replaced in the near future.

SECONDARY WATER CHEMISTRY

The secondary water chemistry control used in 1977 is sur. narized in Table

6. Ten of the 79 reactor* surveyed used the congruent phosphate treatment and the

rest were on all-volatile treatment. Eight of the reactors on phosphate treatment

used a low concentration of phosphate (2 - 6 mg P0Vkg water) in the boiler water.
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TABLE 6

SECONDARY WATER CHEMISTRY CONTROL

Reactor Treatment
mg P0,/kg Uauer Na:P0, molar ratio

Atucha
Biblis A,B
Borssele
GKN Neckar
KKS Stade
Jose Cabrera
NPD

Phosphate 2-6
2-6
2-6
2-6
2-6

2
2-5

2.2 - 2.6
2.6

2 - 2.6
2.6
2.6
2- 2.2

San Onofre
Robinson-2

Phosphate 5-10
10-80

2.6 - 2.8
2.3 - 2,6

Arkansas-1
Calvert Cliffs-1,2
Crystal River-3
Doel-1,2
Ginna*
Livilsa-1
MZFR
N-Reactor
Oconee-1,2,3
Rancho Seco
Three Mile Island-1
Trojan

All-volatile With full-flow condensate demineralization

Other reactors All-volatile No condensate demineralization

* Since 1977 December.
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At Atucha, Biblis A and B, Borssele, Neckar and Stade the sodium-to-phosphate

molar ratio was maintained below 2.6 by addition of disodium hydrogen phosphate

and the pH was maintained between 8.8 and 9.5. At Jose Cabrera a phosphate

concentration of 2 mg PO./kq water with a sodiunrto-phosphate molar ratio of

2 to 2.2 was used. At NPD the phosphate concentration was maintained below

5 mg PO.Ag ^2®' I t *~s -"""POrtant to note that no failures because of phosphate

wastage were reported from reactors using a low j:hosphate (< 6 mg PO.Ag water)

treatment. In contrast corrosion failures have been reported from reactors •v-'-'.ng

higher concentrations of phosphate in the boiler water. The absence of corrosion

in steam generators using low phosphate treatment suggests that this type of chemical

control is a viable alternative to all-volatile treatment.

Reactors on all-volatile treatment can be further divided into two

categories. In the first category are those reactors which use full-flow condensate

demineralization. All reactors with once-through steam generators (e.g. Arkansas-1,

Oconee-1, 2, 3) and some reactors with recirculating steam generators (e.g. Calvert

Cliffs-1, 2, Doel-1, 2) belong to this group. Very few corrosion-induced tube

failures have been reported from reactors using full-flow condensate demineralization.

Most of the recirculating steam generators on all-volatile treatment

treatment do not use full-flow condensate demineralization. Rather, any condenser

leakage is countered by increased blowdown to remove the impurities. Most of the

corrosion problems in 1977 occurred in reactors belonging to this group. Denting

was caused by ingress of brackish water or sea water into the steam generators.

The experience at Surry-1 shows that denting was observed although the chloride

concentration in the steam generators was maintained below 1 mg ClAg water for

95% of the time. At Millstone-2 denting occurred even though the maximum chloride

concentration in the steam generators was less than 0.6 mg ClAg water. It appears

that it is very difficult to maintain chloride levels below the recommended limit

of 0.15 mg Cl/kg FUO by blowdcwn during ingress of brackish -.vater or sea water.

However, experience from reactors such as !"Iihania-2, Takahama-1, 2, Ikata-1 and

Genkai-1 shows that chloride concentrations below 0.15 mgAg water can be achieved

at sea cooled stations by maintaining leak-tight condensers. No denting has been

observed at these reactors although their steam generators are very similar in

design to those of Surry-1 and 2 and Turkey Point-3 and -1.
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In summary, it appears that a lew phosphate treatment or all-volatile

treatment with condensate demineralization provides the best insurance against

corrosion of steam generator materials by in-leakage of cooling waters. In the

absence of these two treatnsnts the steam, generator materials are vulnerable to

corrosion by brackish water or sea water unless steps are taken to eliminate

condenser leaks.

COOLING WATER CHEMISTRY

The type of cooling water used for each reactor is given in Appendix I.

Table 7 shows the range of ionic concentrations of the cooling waters. It shows

that concentrations of Ca , Mg : Na , SO, , Cl and HCO, in fresh waters from

different sites can vary over several orders of magnitude. The use of cooling

towers in some reactors (e.g. Palisades, Rancho Seco, Biblis A) increases the

concentration of dissolved solids in the condenser cooling water. Among the

fresh water cooled stations only Point Beach-1 and 2 plugged tubes because of

denting. At Ginna minor denting (< 0.12 mm or 0.005 in) was reported but no

tubes were plugged because of it. It is possible that the SCC failures observed

at, KWO Obrigheim were caused by condenser leaks. With the exception of the

previous examples there were no corrosion-induced tube failures which could be

attributed to in-leakage of fresh water into the steam generator.

The principal impurities in brackish water are Na+, pier + and Cl~.

The concentration of these ions can fluctuate with time. "The ionic con-

centrations of brackish water at different sites can vary over a range of one

to two orders of magnitude. Leakage of brackj sh water resulted in denting at

Surry-1 and 2. Table 7 also shows the range of ionic concentration in sea water

from various sites. Condenser leakage and denting was observed at many sea water

cooled stations. Condensers at Millstone-2, Turkey Point-3 and 4 and Surry-1

and 2 are being retubed with titanium which is highly resistant to corrosion in

saline solutions.
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TABLE 7

CHEMICAL COMPOSITTON OF COOLING WATERS

Type oT Water Ionic Concentration (m;;/kR Water)

Ca Mg Na K SO^ Cl HCO SiO

Fresh water 1-150 0.5-130 2-40 0-3.2 0-350 0.1-200 14-220 0.5-fi

Br.ic.kish water 19-100 4-200 40-2700 20 — 74-4250 68 9

Sea water 340-880 900-4620 8000-10,800 — — 15p00-20,800 0-170
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STEM GENERATOR MATERIALS

Table 8 sunrnarizes the experience with tube materials. Inconel-600

is the most widely used tube material, followed by Monel-400, type 304 stainless

and Incoloy-800. The defect rates of Inconel-600 and stainless steel are

considerably higher than that of Monel-400. No failures of Incoloy-800 steam

generator tubes have been reported. One of the reactors with Incoloy-800 tubes

(KKS Stade) has accumulated approximately 1800 EFPD. It is important to remember

that there are many factors other than tube material which can affect the tube

failure rates shown in Table 8. These include steam generator design, chemical

control, condenser integrity and the type of cooling water.

Carbon steel is the most commonly used material for steam generator

internals such as support plates and support rods/bars. However, Kraftwerk

Union (KWU) use stabilized stainless steel spacer grids in their steam generators

(21) . The carbon steel support rods in Loviisa-1 steam generators (made in

U.S.S.R.) have a stainless steel cladding in contact with the tubes.

STEW GENERATOR DESIOM

In 1977 there were 7 reactors with once-through steam generators and

the rest with recirculating steam generators. The failures in the once-through

steam generators were caused by fretting, fatigue and erosion. Most of the

failures in recirculating steam generators were caused by corrosion (denting,

SCC, wastage) and some by fretting. Failures by denting occurred in steam

generators with drilled support plates but not in those with broached plat s,

'egg crates' and support rrds/bars where the more 'open' crevice prevented the

concentration of aggresive chemical species.

Steam generator manufacturers are aware cf th_ need to improve the flew

conditions in the centre of the tubesheet regie n where many corrosion-induced

failures (wastage and SCC) have occurred. They have developed sophisticated

computer programs to model the three-dimensional two-phase flews in this region

(21,22). Flow distribution plates have been added to increase the cross-flow in

the tubesheet region. Ifany operators use continuous blowdown to prevent accumu-

lation of sludge at the tubesheet. These improvements should help to minimize

corrosion-induced failures in future.
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TABLE 8

EXPERIENCE WITH TUBE MATERIALS TO 1977 DECEMBER 31

Tube
Material

Type 304 SS

Inconel-600

Monel-400

Incoloy-SOO

Number of
Reactors*

11

55

8

6

Number of
Tubes

72,549

724,336

167,700

44,308

Number of
Trbe Failures

y78

15,592

335

0

Tube Failure
Rate (/')

1.3

1.5

0.2

0

Failure
Mechanism

sec, w

sec, w,
D, Fr, F
SCC, Fr

—

* N-Reactor has steam generators with both Inconel-600 and SS-304 tubes.

SCC: Stress Corrosion Cracking
W: Thosphate Wastage
D: Denting
Fr: Fretting
F: Fatigue
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Fatigue and fretting failures are usually caused by flow-induced

vibrations. Designers have developed computer codes to predict the effect of

secondary flow on tube excitation. These cedes are used to analyze steam generator

designs so as to prevent vibration-related failures such as fretting and fatigue.

SimARY

Denting was the leading cause of tube failures in 1977. Wastage, SCC,

fretting and fatigue also caused some tube failures. Reactors using either lew

phosphate treatment, or all-volatile treatment with condensate demineralization

experienced very few tube failures by corrosion. Denting was usually (but not

always) associated with leakage of brackish water or sea water into steam

generators having drilled tube support plates and using all-volatile treatment.

Impro"ements in condenser integrity, secondary water chemistry control and steam

generator design are needed in order to minimize forced outages caused by steam

generator tube failures.
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APPENDIX1 j
I

STEAM GENERATOR EXPERIENCE TO :
1977 DECEMBER 31



STKA>I'^r-

Arkansas-1

Atucha

Beaver Vallev-1

Beznau-1

Beznau-2

fiihlis A

Bihlis B

Borssel c

Bruce-1

Bruce-2

Calvert Cliffs-1

Cilvert CUFfs-2

Cook-1

Crvstal River-3

Dael-1

Doc 1-2

Douglas Point

nresden-1

Fort Calhoun-1

("•a r i s-1 i ano

Cc-nkai-1

820

319

852

350

350

1)46

1240

44 7

750

750

850

850

1054

825

392

392

208

200

457

150

529

15531

4000

3388

2604

2604

4060

4234

4200

4200

8519

8519

15457

3260

•260

1950

1801

5005

1785

33K8

[nconel

Incolov

Inconel

Inconel

1nconel

Incoloy

Incolov

Incolov

Irconel

Tnconel

Inconel

Inronel

Inconel

Tnconel

Inconel

Inconel

Monel

SS

Incono]

Mone!

[nconp1

BU'

nun

Kun/nBK

Kl>T

Balcke

BK(Can)

B..(Can)

CF.

CF.

W

111.'

K

K

MI.U'

re

r.v.

KM

Mil

12 304 F

3600 F

4785 F

309 7 r

3097

4510

3600

2 368

2168

4 1 30 B

4130 B

9 70 F

605 F

4428 F

560 F

-' 7H4 S

716

951

166

•)0fi.4 2041

101.7 1834

0 740

301

0 1194

0 207

0.4 247

0 7 74

0 30 5

0 64 i

0 21 "i

6.5 862

1 .S 614

0.4 1785

2 7.0 309H

0 (»36

lOS. 6 3 1 2 !

0 740

0

0

0

892

266

0

0

0

0

9

0

0

0

0

OTSG

P11WR

imentliid total

amended to ta l

4 removed for

2 removed for inspection

In irpin'

165 IV.;R
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Ginna

GKN Neckar

Haddam Neck
(Conn. Yankee)
Ikata-1

Indian Point-2

Indian Point-3

Jose Cabrera

(Zorita)

KANUPP

Keuaunee

KKS Stade

KRB Gundremmingen

KWI. Lin gen

KWO ObrlRheim

I.oviisa-1

Maine Yankee

Mlhama-1

Mihama-2

Mihama-3

Millstone-2

HZFR

NPD

490 2 3260 Inconel W 4129 F 53.4 1887 180 amended total

?50 3 Incoloy Balcke/OHH F 0 360 0

575 4 3794 Inconel W 2573 F 2.8 2775 32

538 2 3388 Inconel MHI 4785 SO 182 0

864 4 3260 Inconel W 4129 B 5.4 773 15

965 4 3260 Inconel W 4129 B 0 373 0

153 1 2604 Inconel W 2308 F 1.8 2381 3

126 6 1355 Monel BW(Can) 705 SO 806 0 CAMDU

540 2 3388 Inconel U 4785 F 0 957 0

630 4 2900 Incoloy DBW 2930 F 0 1788 0 2 removed for inspection

2 3 7 3 1 9 2 ? SS VKW 870 F 86.2 2664 364 BWR

2 5 6 2 5 0 0 ° S s C,HH 2360 F 23.5 1743 112 BWR, shutdown

328 2 2605 inconel GHH/Balcke 2750 F 60.2 2630 226

420 6 3200 SS AEE 2000 B0 253 0 horizontal SG

790 3 5703 Inconel CE 5405 B 0 1217 0

320 2 4426 Inconel CE 3381 S 1408.0 646 2206

470 2 3260 Inconel MHI 4130 S 144.1 1049 270 4 reroved for inspection

780 3 3388 Inconel MHI 4785 SO 380 0

796 2 8519 Inconel CF. S 355.0 459 762

5 2 2 2113 SS GHH/Balcke 920 F 0 2378 0 PHWR

2 2 : 2 0 6 9 Inconel BW(Can) 577 F 0.2 3556 1 CANDU, horizontal steam

generator



N-Reactor

Oconee-1

Occmee-2

Oconee-3

Palisades

Pickering-1

Pickerinp-2

Pickering-3

Pickering-4

Poinc Beach-1

Point Beach-2

Prairie lsland-1

Prairie Island-2

Rancho Seco

R.1FP-1

Ringhals-2

Robinson-2

Sal era-1

San Onofre

SENA (Chooz)

860

871

871

871

700

514

514

514

514

497

497

520

520

913

207

822

7 00

1090

430

280

10
2

2

2

2

2

12

12

12

12

2

2

2

2

2

8

3

3

4

3

4

1920

15531

15531

15531

8519

2600

2600

2600

2600

3260

3260

3388

3388

15457

1950

3388

3260

3388

3794

1662

Inconel
SS

Inconel

Inconel

Inconel

Inconel

Monel

Monel

Monel

Monel

Inroncl

Inconel

Tnconel

Inconel

In':onel

Monel

Incone1

Inconel

Inconel

Inconel

SS

CE

BW

BW

BW

CE

BW(Can)

BW(Can)

BW(Can)

BW(Can)

W

M

w

W

BH

Ml.W

W

W

W

K

CO

1-4 OO

12304

12 304

12304

7368

1858

1858

1858

1858

4129

4129

4786

4786

12245

970

4784

4128

4 784

2573

1385

r

F

F

F

F

F

F

F

F

F

F

F

F

F

F

S

F

B

S

F

8.

1.

876.

0

0.

0

0

113.

8.

0

0.

8.

0

221.

20.

0

28.

5.

4

1

6

3

1

1

4

7

7

8

9

0

4

2i77

941

733

757

899

1898

'.818

1473

1215

18h5

1466

989

793

495

682

597

1732

145

2588

2026

0
34

67

7

17

3673

0

1

0

0

377

i ?

0

1

8

0

2 30

97

0

226

20

LGR

OTSn

OTSG

OTSC

CAN DU

CANDU

CAMDU

CANDl:

OTSC

CANDU f vertir.il 'hairpin



STEAM GENERATOR EXPERTENCE TO 1<177 DECEMBER 31 -

Shippingport

St. Lucie-1

Surry-1

Surry-2

Takahama-1

Takahama-2

Tarapur-1

Tarapur-2

Three Mile Island-1 792

TihanEe-1

Trlno V-rcellese

Trojan

Turkev Polnt-3

Turkev Point-4

Yankee Rowe

7.ion-l

7.ion-2

Tnconel
Inconel TV

802 2 8485 Inconel CE

788 3 3388 Inconel W

788 3 3388 Inconcl W

780 3 3388 Inconel W

780 3 3388 Inconel MHT

198 2 1589 SS FW

198 2 1589 SS FW

2 15531 Inconel BK

880 3 3388 Inconel CO

242 4 1662 SS W

1130 4 Inconel K

693 3 3260 Inconel W

693 3 3260 Inconcl V

175 4 1620 SS V

1050 4 3260 Inconel '•'

1050 4 3260 Inconel K

4784

4 784

4785

4785

12 304

4788

1384

96 7

78

S 0 312

B 672.2 1092

B 398.5 1005

S 96.6 599

S 0 623

S 4.1 1590

S 146.4 1630

F 1.0 944

F 7.3 641

F 1.1 2 584

0

0

1603

1724

161

0

4

horizontal SG - 2 recirculatin,;
2 OTSC

as of March !978

1 removed for examination

BWR

209 BK'R

8 CISC

13

4128

4128

1248

4128

4i:>K

1!

S

s

F

F

,:

0

279.2

411 .2

8 .3

0

0

318

1220

10 !6

4390

775

701

0

913

1144

65

0

0



* ACRONYMS USED IN APPENDIX 1

B
BWR
CANDU
EFPD
F
Incoloy
Inconel

Brackish Water
Boiling Water Reactor
Canada Deuterium-Uranium
Effective Full Power Days
Fresh Water
Incoloy-800
Inconel-600

LGR Light Water - Graphite Reactor
Monel Monel-400
OTSG Once-Through Steam Generator
PHWR Pressurized Heavy Water Reactor
S Salt Water
SG Steam Generator
SS Stainless Steel

I

o

** MANUFACTURERS OF STEAM GENERATORS

AEE Atomenergoexport
Balcke Balcke
BW Babcock & Wilcox
BW(Can) Babcock & Wilcox Canada
CE Combustion Engineering
CO Cockerill
OBW Deutsche Babcock & Wilcox
FW Foster Wheeler

GHH Gutenhoffnungshutte
KM Koninklijke Machinefabrik Stork
KWU Kraftwerk Union

MHI Mitsubishi Heavy Industries
MLW Montreal I.ocomutive Works
VKW Vereinigte Kesselwerke
W Westinghouse
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