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Belgium has a large experience of operating steam
generators with PVSCC through-vall axial defects in the
tube roll transitions.

The service behaviour has nevertheless been very good, !
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This report documents the available data and investigates
,

the reasons for the observed leakrate variability and '

discrepancy with respect to theoretical models and
laboratory experiments.
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1. IKrRODUCTION

The issue of Steam Generator (SG) leaktate during Normal Operating
conditions (N0P) is still unresolved. Theoretical models and laboratory.'

experiments often overpredict the actual field behaviour. But the field
experience is frequently ill-defined I the best documented data are from
(pulled) leaking tubes and may bias the average behaviour of the 1

tubebundle. ]

In Belgium, the early deviation from the "40 % plugging limit", in favour-
of a length based acceptante criterion of through-vall cracks [ref 1],
has resulted in long term aperation of SG vith a large number of roll
transition PVSCC through vall cracks, especially for the units Doel 2
(part depth rolled tubes), Doel 3 and Tihange 2 (full depth rolled
tubes).

The service behaviour was nevertheless very reliable, with but a rather
lov level of primary to secondary leakage.

The object of this report is
- to documentithis field experience
- to discuss some particular leakage incidents
- to investigate the reasons of discrepancy with respect to theoretical

and experimental predictions.

The report has been more particularly aimed at providing support
information for the work of the EPRI Mechanism-Specific Defect Management
(MSDM) Committee, in charge of providing guidance for Alternate Tube
Plugging Criteria (ATPC) in the USA [ref. 2].

2. DOEL 2 SERVICE EXPERIFRCE

2.1 Cracking status

The two steam generators of Doel 2 are inspected by ECT/ bobbin coil
only ; because the roll transition. cracks are located deep within the
tubesheet, this type of inspection is considered sufficient as there is
no safety problem and, as a consequence, no plugging limit for axial
cracks.

On this basis it was considered, until the June 1989 outage,'that for the
vorst affected steam generator (SG-A) nearly all tubes vero affected by
PVSCC in the roll transition Iref. 3}.

However, during the June 1989 outage, an ECT/RPC inspection was~ performed
by Laborelec, on behalf of EPRI [ref. 8], on 1060 tubes of SG-A l.this
allowed to establish the actual percentage'of cracked tubes at a somtwhat
lover level of 74 % and to characterize the axial. cracks as follows.t:.

Statistics on 614 tubes average maximum

maximum length in roll transition 5,5 mm 26 mm

nueber of cracks in roll transition 2,5 10
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The crack length distribution is illustrated by figure 1 ; it should be
noted that about 20 % of the cracks are relatively long (> 10 mm).

Almost all cracks indicate a depth of (close to) 100 %. This does not
imply that all are physically through-vall ; however previous experience
from pulled tubes shovs that most of them are effectively through-vall.

2.2 Leak history

The technical specification applicable to the Doel 2 Unit allove'd a
maximum primary to secondary leak of 28 1/h per SG (0.12 gpm) ; it is but
recently that this figure has been revised to the same valua (79 1/h) as
for the further Belgian units.

The early plant policy was to plug (or repair) any detected leaker
(secondary side pressure test with fluoresceine). From 1980, this
constraint was relaxed and tubes were plugged only to the extent
considered necessary to maintain (or reduce) the service leak below the
Tec. Spec limit. ficvever this change in policy did not result in
significantly> higher in service leakage.

The first service leak vas detected in October 1977 (at a level of about
0.1 1/h) and the leak remained usually within the following ranges from
1979 up to 1989 :
'SG-A : 2 to 7 1/h (y)
,SG-B : less th E l 1/h

There vere eight-cases of the technical specification limit being
exceeded, leading to either a forced outage or an advanced regular outage.
but none of them was caused by roll transition cracking.

The cases vere :
- tube rupture (first rov U berd) : 1 case
- SVSCC (crevice axial crack) : 1 case
- loose part damage (from SS) : 1 case
- circumferential crack from minisleeve repair : 1 case
- leaking plugs (V explosive type) : 4 cases

2.3 Leakage incident of February 1990

2.3.1 Descrip, tion [ref. 5, 6 and 7)

After a long unscheduled outage from November 1989 to_ February 1990
(replacement of cracked turbine blades), the plant could not restart -
because of a large leakage from SG-A, increasing rapidly from 8 to 70 1/h
(0.035 to 0.3 gpm) at the time the plant was shutdown (after only 2 days
of full power operation).

,

I The time history of the event is described by figure 2, where the initial
B and Li levels are respectively 1000 and 0.2 ppm.

1. A transient increase to 17 1/h was observed in november 1989, at the time of
addition of 780 ml LiOH.H O

2
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After shutdown initiation, the still increasing level of SG-A blovdown
activity vas indicative of a leak rate in the range of 140 1/h (0.6 gpm).

A secondary side pressure test (at 12 bar) was performed and indicated
143 leakers in SG-A (+3 in SG-B) of which 85 vete plugged. The plant
restarted with a leak rate of 12 1/h which stabilized at a level of about
20 1/h one month later.

An ECT/ bobbin coil inspection of the leakers (before plugging) indicated
no significant increase of the defect signal amplltude previously
registered.

Among the 143 leakers, 47 vere inspected by ECT/RPC during the regular
June 1989 outage and it was thus possible to relate them to the measured
maximum crack length in roll transition.

The results are illustrated by figure 3 (from ref. 5) and indicate that,
while a larger percentage of the longer cracks did leak, this percentage
did not exceed 25 % for crack lengths in excess of 10 mm and did not
include all of the cracks in excess of 15 mm ; in fact the longest cracks
(25 and 26 mm) were not detected as leakers. This is also illustrated by
figure 4 (from ref. 6).

2.3.2 Discussion

One veek before the tentative restart, a decontamination process (UKAEA
development, called " COMBAT" after Cobalt Management Boric Acid
Treatment) was applied to the primary loops, involving circulation of a
high boron (2600 ppm) solution, for 5 days, at a temperature of about
120*C 1 this was the first industrial application of the process, aimed
at reducing the Co60 dosis by removal of a .1 to .2 um thick oxyde layer.

The large leak experienced at plant restart is attributed to crack leak
; area cleaning as a side effect of the COMBAT decontamination process i

this effect has been clearly enhanced by the injection of 1,i (which was'

;

realized in a "one shot" operation, instead of the usually-more'

progressive adjustment).

1- In order to correlate the measured leakrate (the abovementionned 140 1/h
extrapolation) to the knovn crack characteristics of the individual
leakers, use vas made of the "mean divided by 10" leak curve-from
figure 2.6 of the EPRI guidelines for Alternate Tube Plugging Criteria'
[ref. 2] ; this figure is appended to table 1. _

For the population of 1060 tubes inspected by RPC, the expected leakrate
was calculated ''

. for all tubes with crack length > 10 mm
for the subset of the observed 35 leakers..,

These results were multiplied by 3 for~ extrapolation to the total
tubebundle.

The results are shown in table.l. There is a reasonable agreement of the
i total in service leakrate (140 1/h) with the predicted leakage-from the

actual-leakers (340 1/h). However the predicted leaktate associated with
all known cracked tubes vould have been larger by one order of magnitude
(1600 1/h),

i

, , - - , , - , , , . ~ , , ,, - , -- - - -Jo~ -, -
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The tentative conclusions are :

- if and when tubes actually leak, the behaviour is consistent with the
lover bound (mean/10) expectations,

- a majority of the cracked tubes do however not leak in a detectable
vay - (his may be due to :
. the crack not being entirely through-vall.

This is very unlikely for the considered "long" cracks (> 10 mm),
especially for Doel 2 where tube pull experience supports OD lengths
hardly shorter than ID lengths for defect lengths dovn to 6 mm,

. the tubesheet crevice acting as a flov limiter if clogged by oxydes.
or other foreign material ; however :
- two " crevice cleaning" operations, performed in 1983 and 1986, did

not shov any subsequent effect on leakage,
- the behaviour of the actual leakers does not support this

assumption,

the denting at the top of the tubesheet acting as a leaktight.

barrier p this is apparent from the tubesheet map where the 135
inspected leakers are mostly outside the sludge / dent area (see figure
5),

- the extreme variability of service Icakrate and, more particularly, the
very lov leakage from some long cracks are likely to result from a
process of crack obstruction by cruds and/or precipitates.

- Some fluid (chemical) environments may lead to (partial) cleaning of
the crack leakage area, leading to unpredictable evolution.:

3. DOEL 3 SERVICE EXPERIENCE

3.1 Cracking status

7 three steam generators of Doel 3 are inspected by ECT/RPC, for 100 %
of na roll tranaltions, since 1988.

The tube plugging limit for axial cracks in roll transitions is 14 mm.;
however tubes have occasionally been plugged at a lover level of 13 mm,

The results from the 1989 inspection are illustrated by figure'6 and.
summarized in the following table (only PVSCC cracks in roll transition)

SG # R C B

Number of cracked tubes 40 % 35 % 57 %
.

Crack length ' average 5 mm 5,5 mm 7 mm

sax. 11 mm 15 mm 15 mm

Crack number ' average 4 4,5 5 %

(in same RT) max. 11 11 12
.

l

l

']
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Almost all cracks indicate a depth of (close to) 100 %. This does not
imply that all are physically through-vall i however experience from
pulled tubes and helium leak test (see l 5.2.1) shows that most of them
are effectively through-vall.

3.2 Leak history

The technical specification applicable to the Doel 3 Unit allows a
maximum primary to secondary leak of 79 1/h (0.35 gpa).

The plant was commissioned in 1982 and no significant leakage was
experienced until 1985 ; from thereon, and until the May 1987 forced
outage, the leakrate of SG-B vas in the range of 5 to 10 1/h while,

remaining non significant for the other SG's. '

.

In May 1987, the leakrate of SG-B increased rapidly up to a level of 70
to 90 1/h, leading to an emergency shutdovn. A secondary' side pressure

,

test evidenced 2 major leakers ; the ECT/RPC inspection detected crack
; lengths of respectively 18 and 22 mm (no 100 % RPC inspection was

performed at that time and it happened that the tube vith the longest
crack had never been inspected while the other was inspected two years
before) after plugging those tubes, the plant was restarted with a
total leakrate of about 2 1/h.

Since July 1987, SG-B behavior was dominated by the " ghost" leak history<

| (see $ 3 3) while a low leakrate was experienced for SG-R and SG-B in the
range of 1 to 5 1/h.

3.3 THE " GHOST" LEAK OF SG-B

A very special and mysterious leak affects SG-B since July 1987. This
leak is power dependant 1 it stays very lov under 30 % power and then
increases to a maximum value at 100 % power. It has been impossible to
locate the leak by any of the many detection methods that have been used
such as secondary and primary hydrotests, RPC inspection and Helium. leak
test (ref. 4]. It is suspected that the leakage is entirely coming from
a single tube but it is not sure whether it-is related to PVSCC t'it has
not been eliminated by plugging about 40 tubes (from 1987 to 1989) nor;by
sleeving (in 1988) some 50 tubes with the longest roll transition cracks.

This " ghost"-leak is still present after 3 full operating cycles but its
value has steadily decreased with time.

August 1987 : 20 to 150 1/h
September 1987 : 25 1/h
1988 20 to 15 1/h

'

1989/90 15 to 10'1/h.
l.

!,

'

-

.- . . . .. - . . --
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4. pIIANGB 2 SERVICE EXPERIENCE

4.1 Cracking status

The three steam generators of Tihange 2 are inspected by ECT/RPC for
100 % of tube roll transitions since 1988.

The tube plugging limit for axial cracks in roll transitions is 14 mm i
however tubes have usually been plugged at a lover level of 13 mm.

The results from the June 1990 inspection are illustrated by figure 7 and
summarized in the following table (only PVSCC cracks in roll transition)

SG # 1 2 3

Number of cracked tubes 45 % 39 % 48 %
Crack length " average 7 mm 6 mm 6 mm

pax. 14 mm 14 mm 14 mm
Crack number ' average 3 3 3

(in same RT) pax. 11 10 12

.

Almost all cracks indicate a depth of (close to) 100 %. This does not
imply that all are physically through-vall i however experience of PVSCC
from Doel 2 and Doel 3 indicates that most of them are probably
through-vall.

4.2 Leak history

The technical specification applicable to the Tihange 2 unit allows a ,

maximum primary to secondary leak of 79 1/h (0.35 gpm). 1

The plant was commissioned in 1982 and no significant leakage was
experienced until February 1985. At that time the leaktate of SG-3
increased rapidly (at a rate of about 5 1/h per hour) up to a level of
60 1/h, leading to an emergency shutdown. A secondary side pressure test
evidenced 3 leakers that vere correlated to severely out of tolerance
holes in the tubesheet ; the ECT/RPC inspection' detected several axial
cracks within the tubesheet height, up to a maximum length of_9 mm. The
position of the defects indicates a lack of contact between tube and
tubesheet hole, a condition known to promote _ complex crack morphologies
(circumferential components might not be detected by RPC).

Vith the exception of tvo large leaks relatoi to first rov U bends (Hay I

1987 and March 1988), the inservice leakrat remained rather lov (not
.

exceeding 10 1/h) until February 1989 where 'he leakrate of SG-1.; increased from 10 to 40 1/h in essentially 2 steps' associated 'l
respectively with a 50 MV load adjustment and a " return to house load" ]transient. An unscheduled outage was decided because of a_still
increasing rate (about 1 1/h per day). A setondary side pressure test
evidenced one leaker which was plugged. This p?ug was removed for RPC
inspection in June 1990 ; mult'.plo (12) axial cratks were detected in the
roll transition, with a maximum length of 11 mm.

|
i

- , ..--
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5. CENRRAL OBSKRVATIONS

Some general observations are applicable to all operating belgian units.

5.1 service behavior

- Leaktate variations often appear stepulse in association with
operating transients (even some minor ones).

. - Leaktate at plant startup is usually higher than after some stable
operation period.

- Leakrate tends to increase slowly at the end of cycle (stretch out
period).

1 - Lithium addition has a marked transient effect on the leaktate.
A temporary increase, by a factor of 2 to 3 (for instance from 7 to 20
1/h), is progressively recovered over a matter of days or weeks.
An extreme case was that associated with the somewhat massive (but not
abnormal) Li injection during the Doel 2 February 1990 restart (see
$ 2.3). To avoid such leakrate transients, some plant operators.have
nov choosen to use special injection devices allowing a very,

progressive Li adjustment.>

[ i
5.2 Leak detection during outages.

5.2.1 Secondarg side hydrostatic tests
: Uhinever sTgHilicast 1H-seFvice leakage (even belov the Technical

-

! Specification Limit) is observed, a secondary side water pressure' test is
performed (in the range of 12 to 45 bar), generally with addition of,

fluoresceine (50 ppm) and visual observation of the tubesheet under UV<

lighting.

The number of leakers detected by a secondary pressure test (vich
fluoresceine) depends on the prior shutoff delay of the channel head
ventilation system and on the vaiting time before the observation
(variable from 2 hours up to 2 days).- It is typically of the order of a
fev tens of tubes (up to 50) : hovaver any significant leaker (such as
leading to a service leak in excess of the technical specification limit)
has been directly detected by significant dropping (vithout any need for
fluoresceine).,

It has been generally observed that a significant in service leak
(> 10 1/h) vas associated with but one or two leakers (dripping
behavior) : the only exception is the February =1990 Doel 2 case (see
$ 2.3.1)-which resulted in a-large number of such " major leakers".

5.2.2 secondary side helium leak test
ThTs vity sessTtIve Ieak deticIlon method was used only once on SG-B of;
Doel 3 in an (unsuccessful) attempt to locate the " ghost leak" (see $ 3.3)

The test was performed, at a five bar overpressure, by INTERCONTROLE who
(, . is routinely applying it in France and some other countries (ref. 4).'

u.

The helium test detected 335 leaking tubes (none of ' hem large enough tot
correlate with the observed in service leaktate). A plot of the He
leakrates versus the crack lengths (measured by ECT/RPC) is illustrated
by figure f., which mimics the distribution curve of crack lengths, thus
suggesting .o strong correlation between leakrate and crack length.
Moreover only vi.c of the 27 " larger" He leakers (> 5 cc/hr) did coincide
with one of the 49 "longu t" cracks (> 10 mm).

. _ .- - . _ , __ __ _ _ _ __ . . _ _ _ _ . , ___ _ . . - _
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6. DISctlSSION OF SERVICE EXPERIENCR 1

The Belgian in-service experience of SG leaktate, which is similar to
that of other countries (like France) that operate steam generators with
TVD cracks, indicates low leakage values which is inconsistent with ;

laboratory data (even performed on pulled tubes).

The total number of cracks in the 3 considered Belgian units is estimated
to be in the range of 80,000 of which about 1,000 have lengths in excess .
of 10 mm.
Despite the fact that most of these cracks are effectively through-vall
the integrated leakrate (for all 3 units, i.e. a total of 8 affected SG)
is only a few tens 1/h (in the range of 0.1 gpm).

The most likely explanation of such a lov leakrate is
,

- in some particular cases :

. the tightness of the crack, which is prevented from opening (in p

vidth) by some small remaining ligament (s) ; as an extreme case a
very longscrack made up of (almost) aligned individual components may
not leak at all,

, the constraining effect of the environment (such as hard sludge
Ipile), preventing the crack to open up (in vidth) and/or providing a

flov. limiting effect,
|

- in the more general case :
The process of clogging the crack leak path by primary water impurities
(cruds and/or precipitates).

The last assumption is supported by the following observations :

. Unclogging is observed in association with the chemical environment !
(decontamination solution, lithium addition) and plant transients. 4

. The relatively rapid development of the few in service leaks (in a |
matter of hours or days) cannot be explained by physical crack
extension (and videning) : also failure of crack ligament (s) would
lead to a more immediate (and probably larger) leakrate increase.

It should be realized that the rathat limited data basis for leakrate of
stress corrosion cracks (as documented by figure 2.6 of ref. 2) is
significantly biased

'

- in the case of laboratory produced cracks, by the lack of any
representative process of leak path clogging, y

- in the case of laboratory testing of pulled tubes with actual SCC, by I
. '

the unclogging that is likely to result from cleaning and
decontamination operations,

- in the case of field data (correlation of in-service leak with NDE-
characterization of the' crack (s)-), by the non representative i

consideration of leakers (" outliers" vithin the population of tubes !

vith TVD cracks).
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Thus the so-called " data basis" yields a gross overestimation of the
average leakage effectively experienced under actual' service-conditions. !

Even in the case that significant leaks develop in service, the best
correlation appears to be with the lover bound (mean/10) of the data
basis. Obviously a very large number of tubes with lover leakrate
(typical of actual in-service leakage) do not show up and cannot be ,

. properly documented.
,

i

The same arguments of reduced leakrate do not apply in case of a rapid'
'

. ,

crack videning as vould result from a sudden increase of differential'
pressure (case of a ltirge secondary side accident such as FVLB). .Thus no
correlation can be expected between the leakrates under the' nominal and
accidental conditions.

|

7. CONCLUSIONS

The large scale field experience from SG operating with TVD cracks
1 dicates very lov leakage, considerably lover than predictable from '

theoretical assumptions or laboratory experiments.
!

This detracts from the reliability >f the existing data-basis of-
leakrates as a function of crack lengths and does not allov

-- to' demonstrate LBRB tehavior, '

- to extrapolate the leakrate undar accidental conditions from the actual
in service observations.

'

This justifies the Belgian management approach of the _ PVSCC problem in -
roll transitions, based on :

- routine 100 % RPC' inspection of all' steam generators (with full depth- 1

L roll) at each outage,
- probabilistic assessment of the SG leakrate under postulated secondary. :)

side pipe rupture (FVLB), by using the LAB 0 LEAK software program -<

[ref. 9]. |

1

!
,

i

'

.ar
|

o

|
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TABLE 1 - DOEL 2 / SG-A / EVALUATION OF IN SERVICE LEAKAGE FOR LONG CRACKS (> 10 mm)

-POPULATION CRACK UNIT LEAKRATE CRACKED TUBES LEAKERS TUBES (february 90)
LENGTH from Fig. 2.6*

(mm) of ref.(2), at number leakrate number leakrate
mean / 10

(gpm) (gpm) % cumulative (gpm) % cumulative

11 0.004 31 0.12 5 7 0.028 5.5

12 0.006 33 0.20 13.5 - 6 0.036 12.5
g

13 0.01 24 0.24 23.5 5 0.050 22.5

SAMPLE 14 0.015 18 0.27 34.5 5 0.075 37

0F - 1000 15 0.02 20 0.40 51 8 0.06 68.5

TUBES 16 0.03 3 0.09 55 2 0.06 80

INSEECTED 17 0.04 3 0.12 60 1 0.04 88

BY RPC 18 0.06 1 0.06 62.5 1 0.06 100

IN 1989 19 0.08 1 0.08 66 0

21 0.12 1 0.12 71 0

25 0.3 1 0.3 83.5 0

26 0.4 1 0.4 100 0

TOTAL (expected leakrate) 137 2.4 35 0.5

500 7.2 gpm - 1600 1/h' 100 1.5 gpm - 340 1/h' COMPLETE. extrapolation (x3) - -

a

TUBE BUNDLE measurement - - - 0.6 -gpm = 140 1/h

'

* Apperded to this table ; tie figure is taken from ref (2), shich is a draft interim versicn of tie EPRI report NP 6864
.

-.aw-- %^ . . - -,,a--,-, .,wam,,ms _w- - _-.g..--.e -a-.--- -u,-_m - -- ' -M.e-----,-m
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APPENDIX TO TABLE I
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FIGURE 8
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