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R E P'O R T .S U ML M A- R |Y'
SUBJECT -Steam generator reliability.

TOPICS Inconel alloys Stress corrosion cracking .
Steam generators Cracking

AUDIENCE Design engineers / R&D staff . ?

l

Belgian Approach to Steam Generator 1bbe.- 1z

Plugging for Primary Water Stress Corrosion o

Cracking

Belgian steam generators operate with numerous thr'ough wall''
cracks in the expansion transition region of the tubesheet without
impairing plant reliability or safety. A crack length-based plugging
limit coupled with advanced eddy-current inspection techniques;
to determine actual crack lengths makes this possible.

____

BACKGROUND For a number of years, three Belgian nuclear power plants have experi- ]
enced primary water stress corrosion cracking (PWSCC)In th6 3xpansion- q'
transition area on a very large number of tubes. One of t_he plants has part-
depth rolled tubes, and others have full depth expansion. The cracks in ;
these tubes are predominantly through-wall, and though they have posed
neither a safety nor a reliability problem, a unique management approach
has been needed to avoid the excessive plugging required with a depth-

a based plugging limit,

OBJECTIVES lo document the Belg!an experience with PWSCC in the tubesheet expan. Or.

j sion zone; to present the safety philosophy and underlying principles of a {' crack length plugging limit. j
d̂

APPROACH The authors,. scientific and technical personnel representing'the Belgian
i utilities, gathered historical information about' the Belgian plants, including .
; in-service leak rato data. They examined the outage leak measurement

methods in use and made a statistical evaluation.of the number and length-
-

of cracks, determined by rotating pancake eddy-current coil examination.
p They also analyzed the development of plugging limits and supporting .

j:. bases. Two reports were prepared: EPRI report NP-6626-SD,.a detailed
compilation of the results, and NP-6626-M, a brief summary.

.r
1 RESULTS Leakage experienced with expansion transition PWSCC in'three plants-thei

Doel-2, Doel-3, and Tihango 2-and pulled-tube examinations'from Doel 21
and 3 correlate with eddy-current indications associated with these cracks.
Calculation procedures used in Belgium, different from NRC Regulatory

~

Guide 1.121 (draft), determine critical crack sizes for ex'ial and circumferen.

4 tial defects. A multifrequency eddy-current method using a rotating pancake
.

- EPRI NF6626s M Electric Power Resoarch institute
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coil (RPC) allows 100% inspection of the affected zono without impair-
ing the unit outago schedulo. Dorived plu0ging limits, designed to'ac-
count for oddy-current inaccuracy and crack growth during the next ('
cycle, allow through-wall axial defects up to 11 to 14 mm long or cir-
cumforontial dofocts up to 15 to 18 mm, depending on tubo diamotor. .j

.!-

EPRI PERSPECTIVE All stoam generator tubos are expanded either partially or over the full i

thickness of the tuboshoot. Many early expansions woro performed by

q]; mechanical roliers; others havo boon accomplished by explosivo and
hydraulic methods. Mechanical rollor expansion rnethods develop high
residual stressos that can increase the chance of PWSCC in the roll
transition, particularly in cortain types of steam generators. Many of the
expansion zono cracks are short (6 mm) and axial and have very low
leak ratos. The current NRC regulatory position allows through wall
cracks if they occur during operation and leak at loss than 0.35 gpm -
(721/h). However, NRC requires that defects of greator than 40% of the -
wall thickness, if detected during an inspection, be repaired or plugged
before restarting.

Tho Belgian approach to PWSCC in the roll transition zone is based on
the rationale that short axial through-wall cracks are not a safety or
operational problom, ospecially if they oxist deep within tho tuboshoot.-
The Belgians have developed a longth-based plu0ging limit, rathor 13an a
depth based limit, to guard against rupturo under normal and accidJntal
conditions and have developed an advanced oddy-current inspection
method that allows sizing of cracks by longth. This report documents
this approach, one that may somoday find application domestically.

PROJECT RPS40414
EPRI Project Mana0er; Allan R. McIlroo
Nuclear Power Division
Contractor: Delgatom .

-.

For further information on EPRI roscarch programs, call
EPRI Technical Information Specialists (415) 855 2411.
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ABSTRACT

For a number of. years, three Belgnan nuclear power plantn have

. experienced primary water stress corrosion cracking ( PWSCC) in the o!
4

expansion transitkon area on a very laron number or tuben, One of the.

plants han. part depth rolled tubes and the others have full depth

expansion. The report prenonta a review or -the leakage experience

annoeinted with PWSCC in the Doel 2, Doel 3 and Tihange 2 Huclear- ,

Power plants and illustraten the type of cracking obnerved on pulled

tuben from Don 1 2 and Doel 3.

The Belgian units operate with numerous through wall cracks without

impatring the safety and the reliability or the pl a n t s. This is

achieved by a narety approach based on the extensive use:or' advanced-

non-des t ruct i ve exami nation ( NDE) techniques and. the. dovelopment or
'new plugging l i mi ta. These limita are derived.from a realistic

interpretation or NRC Regulatory Gutde 1.-121 and are backed up by a

nubstantial exportmental program. y

The report detalin.the'entablinhment-or' plugging Ilmita ror'both extal-
~

and circumferential cracks sn the roll transition area of full depth'

rolled tubes. The-LAHORELEC eddy current rotati ng probe rRPC)

technology and annociated crack 01aing methodology ar3 also described.
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Section 1

SUd! MARY

STATEH8HT OF THi Pi J I. E H

in some Belgian.plantn, crncks at roll transitions cauned by primary

water s t r o s e, corronton cracking ( PWSCC) have been detected in large

numbers of t uhos, ranging up to over 90 % of the tuben in one Doel 2

nteam gone'itor. Doel 2 han part de pt h rolled tubes while Tihange 2

and Doel 3 have full depth rolled tubes. Many of the roll transition

crackn are through-wall, However, thone planta have been able to

continue to operate for the following reasona

The look rate annociated wi t h the PWSCC cracks has been very
low. Thin in due to the fact that mont of the cracks are
abort .ixial crackn.

For Doel 2 with part-depth rolled tubon, the roll transitnon
region crackn do not prenant a narety problem si nce a
pontulated rupturo of the tubo deep in the tubesheet would
not result in a largo leak or allow the tube to whi p and
caune additional tubo f a t t ures,

For plants with full-depth rolled tuben, the presence of
through wall PWSCC c r a c k r> han been justified to regulatory
authorition. Tube plugging or aloeving are not required as
long an the cracks do not exceed an entablished length
threshold va i uo.

OBJECT!VE

The objective of thin report in to document Belgian plant experience

with primary water strens corronton cracking in the tubesheet

expanaton mono, and to present the Belgian approach to nteam generator

tube plugging. The report presents a review of the leakago experience

annociated wi t h expannion tronattion PWSCC in the Doel 2, Doel 3, and

Tihango 2 units and illustraten the type or cracking observed on

pulled tuben from Doel 2 and 3 T 't o report alno providen corresponsing

eddy current indications associated with thene cracks. The overall

narcty philosophy in detailed and the und e r l yi ng principles of the

1-1
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-Delgian approach are illustrated. Deviations from the NRC Regulatory '

Guide 1.121 ( draf t) are identified and the rational presented. Both

axial and circumferential cracks are addressed to show the consistency

of the crack length approach. .)
The calculational procedures used to determine critical crack sizes R

'f- |
'

are outlined both for axial and circumferential cracks and illustrated !

by sample calculations. The corresponding calculation bases are

e x pl ai ned and finally the actual plugging limits are derived from the

critical sizes, This safety approach requires the length of the cracks
..

!in the steam generators to be determined. Therefore, the hADORELEC

multi rrequency eddy current method, using a rotating pancake coil

( RPC) for the PWSCC sizing, is described.

The qualification results for l ongi t ud i nal SCC are presented and fully

discussed in terma of accuracy and reproducittlity. Artificial defects

(EDH notches) have been used for the study of the reproducibility of

the position and the length measurements, while actual SCC cracks

obtained from pulled tubes or'Doel 2 and Doel 3 and nurrogate material

( sensi tized Alloy 600) have been used to demonstrate the length
,

measurement accuracy. The report further shows how the present

LABORELEC technology allows 100 % RPC inspection of the tube roll

transitions ( or any predefined length within the tubesheet' area)

without i mpa i ri ng the unit outage schedule. This can only.be achieved

by using the most recent hardware and software developments such-as

applied to the Tihange 2 and Doel 3 inspections (100 % tubes inspected

in 24 days per SG).

Finally the compatibility of the RPC inspection method :with present

NRC requirements and EPRI HDE Guidelines is demonstrated and |
discussed.

The safe and reliable operation of the Belgian steam generators,

de6pite the existence of thousands of through-wall cracks, is

demonstrated through :

historical background d
!

i n-se rvi ce. leak rate data !
!

outage leak data ( heli um' test and secondary side pressure- I

tent)

RPC statistical data ( distribution of crack lengths, number 1.

of cracks per transverse section, ...)

-

1-2 ;I
;
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correlation between intipection data.

|

1-3
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Section 2

PLANT EXPERIENCE

2.1. INTRODUCTION

For a number of years, three Belgian nuclear power plants have

experienced primary water stress corrosion o rac ki ng ( PWSCC) in the

expansion transition area. Some cracks have resulted in leakage during

operation. The characteristics of the roll transition area for these

plants are given .in Figure 2-1. The corresponding plant and tube data

are shown in Table 2-1, together with the type of corrective action

taken. Eddy current inspection techniques have been developed to

detect and characterize the defects. Tubes have been pulled in order

to determine the type of c se ki ng. Correlation between observed

cracking on pulled tubes l'r am Doel 2 and 3 and eddy current

indications is presented.

2, 2. LEAKAGE E X P E RI E '.C E

,

In Belgium, the first occurrence of pWSCC and associated leakage goes

back to 1977 at the Doel 2 power plant (1st criticality December

1975) The defects were located in the upper roll transition of the

expansion zone made by two step rolli ng. Since that time, the

corrosion has progressed quickly and to date, it has reached up to 90

percent of the tubes in one steam generator (estimated figure on basis

of " bobbin coil" ECT). Several shutdowns for excessive leak rates have
,

occurred since the plant start up but none of them was related to roll

- transition cracking.

In.1983, PWSCC was ~ discovered in two other units ( Doel 3, 1st

criticality August 1982~and Tihange 2, 1st criticality October 1982)

- during their first cycle of operation. In these cases, the cracking.

was-located in the full depth rolled region and in the transition

2-1
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'between normal and. kiss ro11, expansion areas. The rapid crack

initiation and propagation was attributed to tubes being rolled into-

over-sized holes and cannot be considered as representative of the

entire tube bundle.
,

Section 7 gives a full history of the roll transition leaks for the

three units. It should be noted that in a few' cases only, the leak

rates reached the li mi t s imposed by the technical specifications'

(0.35 gpm - 79 1/ hr) and forced the plant to shutdown (in February
4

1985 at Tihange 2 and in May 1987 at Doel 3).

i -

pulled fron theTables 2-2 and 2-3 give the list of tubes that were
, .

'
Doel 2 and 3 SG' s. The reasons for extraction are p r o vi d e d for

; information in the tables but only the data related to the PWSCC

! cracks are analysed here.

Various types of cracking were observed both by eddy current

inspection and by metallographic examination of the pulled tubes, and

can be categorized in four families

a - axial cracks - hot leg

b - circumferential cracks - hot leg

c - axial cracks observed after shot peening - hot leg

d - axial cracks - cold leg,
4

a. Axial Cracks - Hot f.e q ( Fi g. 2-2)

Axial PWSCC in the roll transition was observed at Doel 2 on the fi rs t

tubes pulled in 1980 (see case 1 bel ow) . As the number of cracked

tubes increased, the problem has been monitored by periodic bobbin

coil EC inspection. The last tubes were pulled in 1987 for the purpose
1

of exami ni ng nickel coatings which were deposi ted i n 1985 and 1986-

Meta 11ographic examination performed on these tubes confirmed that

primary water stress corrosion cracks were not longer than 14 mm af ter
' 10 years of operation. It should be noted that higher values have been

observed in the kiss rolled Doel 3 SG' s (up to 22 mm - 0.866 i n) . If

this observation is confirmed in the future, the lower value could be

attributed to the single step of the roll transttion area so that once*

the crack reaches the straight, undeformed portion of the tube,

stresses could be low enough to prevent further p ropa ga ti on.

7

2-2
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-However, a statistical RPC data base for the Doel 2 steam generators

has not been performed as'it has for the Doel 3 and.Tihange 2 steam

generators. Such an inspection is not needed for. Doel 2 as the cracks;

are judged to have no safety significance since they are inside the

tubesheet. The conclusion about a maximum length must therefore be

used with care.

i- Axial PWSCC has also been observed at Doel 3 by RPC inspection and
F

] pulled tubes. In this case, the following characteristics have been

j' observed crack length can be much longer ( up to 22 mm - 0.866 i n)

than those observed on tubes with a single step t r a nsi t i on; two small-

axial cracks can be generated separately in the same alignment to form

a single long c r a c k; numerous small cracks ( up to 20 in one transverse
' cross ocction) can be seen; crack initiation and propagation can be

influenced by score marks,

b. Circum (erential Cracks - Hot Leo ( Fi g. 2-3)

This type of cracking has only been ot;erved so far on a tube pulled

out of Doel 3 (case 3). The cracks were initiated and propaga'ed in at

score mark ( probably resulti ng from the rolling tool in f a brica tion)
,

i n t he circumferential direction. The longest circumferential crack
'

; was however quite short ( 3. 5 mm - 0.138 i n) .
;

!

c. Axial Cracks Observed After Shot Peenina - Hot Leo
Fig. 2-4 shows t ypi c al cracking observed on the Doel 3 shot peened

tubes, from tube R27C52 pulled in 1986. Crack propagation seems to

have been stopped on the surface but not underneath. It should be.

remembered however that this pattern has been observed after a short

time pe ri od (one ye a r) and that subsequent RPC inspections evidenced
'

crack propagation on a wider scale. The observed " bubble" shape of the
- crack mi ght have been a temporary condition.

i d. Axial Cracks - Cold Leo
1

RPC inspection has not been performed routinely in.the cold leg, and

therefore, no trend can be given as far as PWSCC is concerned.

However, as part or a sample examination aimed at establishing the

cold leg tubes condition, ten tubes were pulled from the cold leg of-a ;

; Doel.2 steam generator. These tubes were selected from a statistical

sampling of 150 tubes inspected with the rotating probe i n 1984. Only )
1

one tube had a ECT crack indication. Eight of the ten tubes were !*

I
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e xami ned and .only one ( with the ECT i n d i c a t i o n') of them showed some
.

|= cracking. Most of the crack lengths were short (less than 4 mm -

0.158 i n) , none were through wall, and some could be associated with
.

roller marks ( Fig. 2-2). Cracking was of the same type as in the hot

j leg, i.e. IG SCC ( 5) .

Three cases are detailed hereafter to illustrate the type of cracking.

observed on pulled tubes and the corresponding eddy current

i' indications.

Case 1 - Tube R14C72 From Doel 2

i
'

The first implementation of LABORELEC prototype rotating pancake coil

| was performed in December 1979 to identify the geometry of the PWSCC

defects i n Doel 2. The eddy current results of the bobbin and rotating'

coils can be observed from one pulled tube R14C72. The sequence or

inspection before and after pulling was
!

;
- bobbin coil examination with multifrequency eddy current ano

'

one mi xi ng to identify the cracked area ( Figure 2-5 ( a));

- rotating probe inspection to identify the circumferential or
axial direction of the crack ( Figure 2-5 ( b) ) .

,

i The metallurgical analysis (1) is shown on Figure 2-5 ( c) and resulted

in the f oll owi ng observations

- although the tube was not leaking, three through wall axial
intergranular , cracks were observed, over a 900 segment.
The cracks extended upwards from the top of the roll
t ra ns i ti on over a distance of about 7 mm ( . 2 7 5 i n) .

- all the cracks had approximately the same axial extent on
both OD and ID surfaces, making it di f fi cul t to establish the
initiation side of the cracking;

- detailed optical metallography and Scanning Electron
Microscopy ( SEM) examinations revealed multiple shallow
cracking on the ID surface at the elevation of, and. adjacent
t o, the through-wall cracks. OD cracking was absent. No

,

additional cracking was found at elevations adjacent t o, and
above, the through-wall cracks;

The EC inspection resulted in the f oll owi ng observa tions .

- the bobbin coil signal of the cracked cross section needed
mixing to * ? luw clear identification of.the c ra c ki ng;

I
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- the rotating probe showed each of the three cracks on the
c ros s ' s ec ti on; the length, amplitude and azimuthal location
could be obtained from a single examination.

>

Consequently, although the rotating probe used for this examination

was a laboratory prototype ( slow and wobble s e nsi t i ve) , it showed a j

defi ni t e advantage for PWSCC detection and identification in |

comparison with the bobbin coil method.
,

Case 2 - Tube R15C29 From Doel 3 ( Fioures 2-6: 2-7: 2-8: 2-9)'

A leak rate of less than 2 1/ h ( 0. 009 g p m) during the uni t' s first
,

'
cycle prompted detailed investigation at the first refueling outage

|

- 'A secondary side pressure test wi th~ fluorescei n to detect the
leaking tubes (three tubes in the hot leg) .

|
- An extensive EC inspection bobbin coil ( Figure 2-6),

rotating p e ( Piqure 2-7) and profilometry ( Figure 2-8) .
,

- Extraction of three tubes ( only two were leakers).

Tube R15C29 has been selected as an illustration, since it had cracks
.

both in the expansion transition and at some roll steps in the;

tubesheet. The profilometry indicates that the rolli ng was abnormal.

Du ri ng the extraction process, the tube broke at the level of the

14'" roll step, at a load half of the. usual value experienced for tube ;

pulling. The metallurgical analysis performed on the portion of the

tube cont ai ni ng the expanaion transition revealed t he - f ollowi ng

- 1 crack was e vi de nc ed by X-ray at the end of the mechanical
expanded zone. X-ray confirmed the crack length of 2 mm'

(0.079 i n) found previously by EC.'

,

- EC inspection detected cracks at three levels, out of which
only two were confirmed by X-rays and micrographic
examination.

The EC inspection performed before tube pulling gave the f ollowi ng .

results :
4

- Multifrequency eddy currant ( HFEC) inspectiot by the bobbin
coil with mi xing technique showed indicatione between some |
roll steps ( 15 ' " , 11**, 8'*, 7'*), but the mixi ng signals 1

- needed at least a mi nimum of 4 to 5 cracks on the cross
' ' section before developing a detectable ~ indication.

,

i
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- HFEC i nspection wi th. the rotating probe showed cracking
indications at the same levels as those identified with the
bobbin coil, but in addition, it showed i longitudinal crack,

! 2 mm long located 2n the roll transition at the limit of the
21'' (last) roll step.

- From the comparison between the mechanical measurements
performed on the tube hole in the tubenheet |duri ng
ma nuf ac t uri ng( l i ne a on Figure 2-8) and the EC profilometry
(lines b on Figure 2-8), it.could be assumed that there was
only a partial contact between the tube and the tubesheet.

1- The location of the cracks was clearly related to abnormal'
profiles.

Case 3 - Tube p l.3 C 2 3 from Doel 3

Shot peening was performed at Doel 3 in.1985 on the hot leg. roll

, transitions (190 mm - 7.48 i n) . Two tubes were pulled out.one year ,

: -

later in order to evaluate the effects of the shot peening.

Two types of e xa mi na ti on were performed ( re ference 8) radiographic
i

examination on the as-pulled-tubes and vi sual e xami n 'l on on the ~ tubes

after flattening.

On the tube discussed here,-one enrcumferential a nt' n i axial' cracks
> were observed by X-rays in.an area ~ centered on the t asition between

the last roll step and the kiss roll (see Fi g. 2-10.ror nefect

| locati on) . The longest crack was 8 mm ( 0. 315 in) and resulted from the

summation of two cracks almost aligned with'each other (see F i ct.

| 2-11).

The visual examination performeu after t ube ' flat teni ng showed the real

g cumulated length of these two aligned cracks to be 11 mm ( 0. 4 3 3 . i n) on

the I D. The same visual e xa mi na ti on indicated 17 axial, one "L" shaped

and 3 circumferential cracks. Except for one axial 5 mm ( 0.19 7 i n)

long crack located in the kiss roll step, all the cracks were located

in the top hard roll to kiss roll transition. The circumferential
|

cracks (Fig. 2-3) were linked to ID scratchen in the upper port of the

"hard" roll. The longest single axial crack measured 8 mm ( 0. 315 i n)

|
and the longest circumferential crack was 3. 5 mm ( 0.13 8 J i n) .

!

Eddy current profilometry performed during pre-s e rvi c e indrettion did

not scow any defect, nor abnormal tube hole di me ns i ons.

1

I
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Eddy current inspection performed with the RPC detected cracks at the j

limit of the last roll to kiss roll transition. One signal had an

a mpli t ud e of 340 mV and several indications were close to the i

detection threshold of about 80 mV. The length or,the largest defect j

was 9 mm ( 0. 3 5 4 i n) , which was comparable to the X-ray measurements

and the shortest indications were in the range of 1 to 2 mm ( 0. 039 to
J

0.079 i n) . The circumferential cracks were not detected by E.C., and

the maximum number of axial cracks detected were 10 to 12.

The results of the exami nation of the other tube were very similar.

Figure 2-12 illustrates the correlation between RPC indications and

visual examination ( af ter riattening) on the two tubes. An average

length underestimation or about i mm ( 0. 0 4 i n) results from the ECT

sizing; this has been corrected to yield a new calibration curve (see

Fig. 4-13 and section 5).

!

l,

i

i

!
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Table 2-1 - Belgian units and steam generators affected by PNSCC
.

SG TUBE GENERIC CORRECTIVE ACTION !

' DATE PONER No OF W SERIES
OF MRe SG' s x 4 IN MATERIAL MANUFACc APPROIIM. MECHANICAL DATE TYPE EXTENT

COM. PROCESSING HARD ROL- ( ,

{.OPER. DATE LING (IN)

t ,

DOEL 2 75 400 2 44 7/8 MA MANNES- 2.28 - - - | [

INCONEL MAN
600

DOEL 3 82 900 MAY - JUL 85 SHOT- HOT LEG
OCT 76 PEENING (190 MM)

3 51H 7/8 R - NBOLE-

( Blairs- TUBESHEET

ville) - THICKNESSy

E TIHANGE 2 82 900 OCT 76 - + KISS FEB 86 SHOT- BOT LEC i

APR 77 ROLLING PEENING ( TUBESHEET
FULL HEIGHT)

DOEL 4 # 85 1000 PROBABLY DEC 84 ROTO- BOT LEC
^

IDENTICAL PEENING (TUBESHEET
TO TIH. 3 FULL HEICHT)

3 E* 3/4 R - RHOLE"

( Blai rs- TUBESHEET- '

ville) - THICKNESS
TIHANGE 3 # 85 1000- APR 79 - + KISS FEB 85 ROTO- HOT AND COLD

MAY 79 ROLLING- PEENING LEG ( TUBE-
SHEET FULL
HEIGHT) .;

,

I
'

|

! *
,

INCONEL cladding on tubesheet secondary side -!I *

|
r All manuf80tured by COCKERILL MECH ANICAL INDUSTRIES ( NESTINGHOUSE licensee)

i # To date, only minimally affected by PRSCC
! -0 Before start-up
| k

i
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- Table 2-2 - Chronological inst of pulled tubes fr om ' Doe f 2 steam denerators - <

'

Numbe of Location of pulled Reference of pulled.) :

Date of extraction pulled tubes tubes' Purpose of extraction. tube report- {, |
.

(see notes) j
;. i
^

i.

j SG A Hot Leg Evaluation of pr imary side 1 .||

JAN 1980 2 R14C72. R16C72 initiated cracking. Special [
(54 months operation) shutdown for tube extraction i -j ~|

i I

, SG A Hot Leg 1) Evaluation of IGSCC in the j
'

DEC 1982m' 2 R13016. R27C49 tubesheet crevice i
-

,

,

i. &

MAR 1983* 3 R17C85. R2BC32, 2) Evaluat ion of the primary
[

- I

(70 months operation) R26C50 side roll transition i '

. cracking and the repair 2 i4

| measures applied (tube
}

; expansion beyond original. i
|

| roll transition and mini- } [

sleeves) { |;

;
'

u SEP-0CT 1983 SG A Hot. Leg Purpose of the analyses : ,

$ Normal outage 9 5 sent to Babcock & !
'

o (74 months operation) Wilcow B&W : Determine origin of 3
R06C33. R15C54 cracking i
R15C63. R16C45. CEN : t

R17C43 -- 1) Evaluation of 3 minisleeved I
*

~

4 sent to SCK/CEN tubes subsequent 1v stress !,

Hol relieved ! [
[ R10C58. R15C46. 2) Evaluation of one tube }

L

R17C45. R18C32 presenting a secondarv side !
' '

for examination indicainon above the roli
~

i

4 |

transition,

i

AUG-SEP 1984 SG A Cold Leg Sampling for evaluation of i

Normal outage 10 R10C51. R14C55. cold leg tubes condit ion
(84 months operation) R06C34...R11C41 5 i

R18C66. R15C59.
a* R13C65. R14C24 +

2 tubes non ' '
.

examined R17CS2.and ;

R11C72- '
. .

* Same plant outage
t

3
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Table 2-? - Chronological' list of ou11ed tubes from Doel 2 steam generators

:
;1

(continued) :!
:

' i

-. !
f

f

I
t 't

Number of Location of pulled Reference of pulled-- .fj
; Date of extraction pulled tubes tubes Purpose of extraction tube report :j

|(see notes)
|

i

,

AUG-SEP 1986 SG A Hot Leg Evaluation of 2 kiss sleeved
Advanced refueling 2 tubes. .j

outage |
(103 5 months !

,

. operation) !F
I .!
! 'DEC 1986 SG A Hot' Leg Evaluation - of Ni electroplate'd 6 I

|- (105.5' months 4 R18C61. R18C51 tubes by LABORELEC/FRAMATOME 2 ~..

!
| -y operation) ' + 2 tubes non '

|- P examined ;

.s )
7

ISG A Hot Le9 Evaluation of Ni electroplated

-fJUL 1987 3 R10C62. R21C59. . tubes by LABORELEC/FRAMATOME'

Advanced refueling R21C65 2 1

outageL . |

(110 months .SG B Hot-Leg- .j l

!operation) 2- R19C14. _R20C75 { .. !

| -.
, .,

!
'

.

1

I. ;

. . . -- , .~
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Table 2-3 - Chronological list of outled tubes from Doel 3 steam generators ;]

Number of ~ Location of outled Reference of pulled
Date of e traction culled tubes . tubes' Purpose of e-trac +;on tube report.'s

i '

SG R Hot Leg '

NOV 1983 R10C86
Mormal outage 3 SG B Hot Leg Phenomenon Evaluation 8
(14 months operation) R15C29. R33C36

SG 8 Hot leg Characterization of preexiting
JUN 1986 2 R23C23. R27C52 cracks one year af ter the 9-

. Normal outage shot-peening treatment
(42 months operation)

'1
1

20
l

H
Mj

|
i

;

!
|
t
g

!
i

I.
i.
I

! ..;

| ~l

:|'

. ,I.
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Surfoce Stain ~

*
-

A

/Crcter with (*ccks / y
-|

.

Different Crocked Areas

90* -

Tube axiot direction,

"

5.
i
E -

r .

_. c
.9 J

S
u
2 -
E ^

h |

0

,

1B0*
-

c h~j7 Distance above bottom of tubesheet,o

e~a g 4

S (! L

( 2. 56 in. ) e~ &
65 m 75 m

g- (2.95in.)

DOEL 2. Tube R 14C 72 pulled f rom coldside.

Schematic view of inner surface longitudinal cracking.
( Longest crack is 4 mm - c.158 in.)

iFig. 2 - 2
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DOEL 3 SG-B Tube R. 23.C 23
AREA OF DEFECTS 17. I

INSIDE SURFACE AFTER FL ATTENING AND 120' BENDING.
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DOEL 3. SG - B. Tube R 27 C 52.
profi es ( = 10 l after opening.Crocks t

Lengths m mm ; inside surface / maximum / outside surfoce.
0,9/1,3/Q 1,g/g,9/o

3,

351,5/2,2/0 - 361 2/1,4/0

3 4 -

*'* #^37 3' 0' '
9,2/9,2/'a

'

3't.

1,7/2,i/o
'

9 - ' face.

. 7,7/7,7/S

g,

1

41
3,6/3,8/2,8'

* 1

,
42

6/6/3

16 -

43Fig. 2. 4

1

!. .

I
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Section 3

'

SAFETY PHILOSOPHY

.

3.1. HISTORICAL BACKGROUND

Basically, Belgian Utilities are committed to follow the U. S. nuclear
,

safety rules; however duly justified deviations ( or' interpretations)

can be obtained on a case by case basis. In the plant Technical

Specifications defining the SG inspection requirements, the usual

"40 % plugging limit" is implemented but an allowance is made for
,

alternative criteria based on Regulatory Guide 1.121. (1).

.

It is useful to recall the origin of the 40 % plugging limi t. This
'

requirement originater from the first generic problem encountered with

SG' s which was a uniform loss of thickness through' corrosion.. lie.i

wastage in the sludge pile. Based on a factor of safety notoless.than'

3 to be maintained under normal service conditions, the required

mi nimum tube wall thickness was 40 %. .This value was increased.to

? 60 % in order to have an additional allowance to cover uncertainties-

regarding measurement of the flaw size and its growth between two

consecutive inspections. The 60 % minimum wall thickness meant'that

tubes with thinning of 40 % or greater were required to be plugged.

Generalizing this same criterion to other types of more local flaws

(cracks in particular) can be excessively conservative. The ASHE code

( 1) stipulates the 40 % criterion, but only for flaws in the' external

skin of the tube ( art. IWB-3521.1); moreover further evaluation of

defects exceeding the allowable indication standards is possible '( art.
*

IWB-3630) "by analyses acceptable to the regulatory Authority having

jurisdiction at the plant site"

On these bases the 40 % limit was considered'by BELGATOM not to be

mandatory in Belgium and alternate approaches were investigated.
!

<

<
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' The Westinghouse P', F* . and b* approaches (4), (5) were reviewed
o

P' is a criteria which allows cracks to be. ignored below a.

certain distance (P' ) below the top of tubesheet' based on
interferences above.the tube preventing tube pull'out.-

_

,

F* is a criteria which allows. cracks to be ignored below a.

certain distance (F* ) from the top of tubesheet, or-bottom of
~

roll transition, whichever is lower, based on resistance to
t tube' pull.out generated by tube expansion in the tubesheet.

'
L' is a criteria which allows axial-cracks to exist above the.

P' or F' distance, but below the L' distance from the, top of
the tubesheet or bottom of the roll transition, whichever is
lower. based on the limited offect on primary to secondary

{ 1eakage of such cracks.

The three approaches were not considerei viable as they avoid the use

of the 40 % limit within the tubesheet but maintain it unchanged for

the roll transitions (end some depth below the secondary side of the

tubesheet) where practically all of the PWSCC cracks are actually

located These latter cracks (above the top of the tubesheet) are.

also the'only significant ones for safety and reliability.

The 1eak gefore Ereak (LBB) philosophy was also considered-(6), (7).2

According to this approach "a flaw that would be critical (unstablee

propagation. leading to Steam Generator Tube Rupture (SGTR) ) under
.

accidental conditions (such as Steam Line Break or Feed Water Line
| Break) would be reliably detected.under normal service conditions.

(i.e. under a much lower differential pressure) by a leak exceeding
s

'

the Technical Specification allowable limit (79 1/hr or 0.35 opm)".

Belgatom considers LBB to be an instrinsically safe behavior usually,

but.not always, exhibited by the tube material. Among the known

exceptions, the following are worth mentionning :

'
- occasional Steam Generator Tube Rupture (SGTR) without prior

notice by any measurable leak (such a' case.was-experienced in,

''
a first row U bend of a Doel 2 SG in 1979),

" - in-service low leak rate (below the expected level from
laboratcry experiments) of relatively long axial cracks
(possibly due to clogging by crud or precipitates),

~ ~

.

aligned axial crack components (separated by small axial or.-

U offset ligaments), with an overall critical length, without
detectable leakage through the components.

[ 3-2
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One could elso i rna gi ne long and deep ( but not thruwall) cracks in

either axial or circumferential di recti ons ( possibly initiated by

surface scratches).

' l
While some of these exceptions may be dealt with through use of

probabilistic assenments, there is an associated trend to lower the

allowable in-service leak rate ( 7) . This latter consequence is

believed to be unduly constrai ning to the plant operator (possible

increase of unscheduled shutdowns).
1,

Horeover, even relatively large leaks cannot necessarily be located

and removed. Such a case hus been recently experienced by a Doel 3

SG, where a 20 to 30 1/ h ( 0. 09 to 0.13 gpm) leak could not be located

by using all possible detection methods including the Helium leak *

I test.. Plant operation was eventually renumed and the leak remained

practically unchanged during a full operating cycle (1987-88). After

; pl uggi ng/ sl eevi ng about 80 tubes ( wi t h the largest detected roll

transition defects) duri ng the June 88 scheduled outage, the SG still.

evidenced the same leakage after start u p. At the date of writing

(January 1989), the plant is still operating under these conditions. 'd

On the other hand, extensive hardware.and software developments:by ,

LABORELEC allowed generalization of RPC use for ECT inspection ( data

acquisi tion and analysis of all roll transitions can be pSrformed in
,

less than 2 days per SG). This capability of reliably sizing the

I cracks (without any penalty on plant d o wn - t i me) led to the decision to

develop new plugging criteria derived from the R. G.1.121 t ype
7

i philosophy.

3. 2. CRACK SIZ E HE ASUREMENT PRINCIPLES

Conventional "bobbi n coil" ECT techniques have a low potential for

detection of PWSCC; based on the extensive experience of LABORELEC in

using both the "bobbi n coil" and the " Rotating Pancake Coll" ( RPC) 1i n -

roll transitions it can be concluded that several cracks ( about 5) of I

I' significant length ( about 4 mm - 0.158 i n) .and depth ( close to 100 %)

are required, in the same tube ccosa section, to achieve reliable ;

detection by t he '"bobbi n coil"; ot he rwi se " distorted signals" may be

observed but do not necessarily correlate with actual cracking.

t
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The sizing capability of the " bobbin coil" is even poorer; phase angle
'

measurements are not likely to yield realistic defect depths when

there are several cracks in the same section, while length

measurements suffer from an inaccurate knowledge of axial probe

location (especially in the roll transition), with a resulting

uncertainty in the order of 5 mm (0.2 in).

On the contrary, RPC has the potential for sensitive detection and;

1

! accurate length sizing of individual cracks; details of the specific

LABORELEC methodology are given under sections 5 and 6. It should be

notedthatpracticallyallofthecracksdetectedbhRPCappearedto*

be close to 100 % through wall. This has been further confirmed by
,

I ' destructive examination of tubes pulled from Doel 3 (section 2).

Thus, without undue conservatism, any detected axial crack is assumed

to be actually through-wall and is evaluated as such. Therefore, only

the axial length needs to be measured'and documented. Most of the-
,

| cracks to be found in r>11 transitions are in the axial direction,

i Little circumferential aracking has been evidenced; this is fortunate

as the corresponding detection capability of even the best available

RPC method is still rather poor (it is difficult to mix out the
,

l' similar discontinuities associated with.the profile transition and the

I outlet of the magnetic tubesheet). LABOREbEC is developing a

| substitute ultrasonic method which holds the promise of sensitivo

detection and reliable sizing. As such a method might be

significantly more time consuming than ECT, there is an ongoing

; parallel development of the RPC method aimed at the reliable detection

! of circumferential cracks of size close to the plugging limit.
. ,

However, " false calls" would not be precluded and the detected

- indications would finally be confirmed and sized by U.T.
,

' Until further experience is gained about the depth sizing capability

of ultrasonics, detected circumferential cracks will also be assumed

to be through-wall and evaluated as such. This may prove to be over.

conservative; if this is the case, plugging criteria based on both

depth and length of defect will be established when the HDT

performance warranto this.
|

'

|

l
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3.3. CRITICAL SIZE CALCULATION PRINCIPLES

Regulatory Guide 1.121 allows the establishment of acceptable flaw

sizes based on the following safety factors (with respect to tube

bursting) :

- 3 under normal service conditions,

- a value consistent with the limits set by the ASME III Code
(1) art. NB-3225, for. accidental conditions (a LOCA, steam-
line break, or feedwater line break concurrent with the SSE).

R.G. 1.121 dous not specify whether :

- the mechanical and geometrical characteristics of the tubes
must be taken at their nominal or most unfavourable value
(minimum for UTS, YS and thickness, maximum for the diameter, '

etc.). The frequent reference to the design code (ASME III)
seems to imply this unfavourable combination (see, for
instance, article NB 3641.1);

i - an additional margin rust be applied to the dimension of the ,

detected flaw (prior to comparison against the acceptable
3

value) in order to account for :

the uncertainty relating to the NDE measurement method,.

the flaw growth over the period of service until the next ,
.

inspection.4

The requirements of R.G..l.83 and of ASME XI (together with

the historical basis of the 40 % criterion) suggest these
:

| should be taken into account.

Also the following interpretations (considered to be fully justified)

are used in' order to establish a concrete set of criteria :

: - Because of the high ductility of Inconel, tube" rupture is
preceded by considerable plastic deformation (high COD -'

Crack gpening Displacement - ett both ends of a crack, bulging .
etc) so that the " secondary" stresses-(as defined by ASME)
are relieved and can be neglected (whereas they play a major

,

part in the stress corrosion or fatigue processes). The.only
" primary"' type stresses'are those resulting from the

,
differential-pressure and, possibly, from the' inertial
effects induced by a steam:line break (SLB) or-a feed water
line break (FWLB) concurrent with the Safe Shutdown
Earthquake (SSE). fin case of S.L.B. or F.W.L.B., it is clear
that the effects of the steam. blowing out the SG by the
ruptured' pipe may be quite important on the tubes located

i near the discharging nozzle. On the other hand, the portion
i- of tubes:of concern in this study, located just above'the

3-5
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tubenheet in far from both nozzles So,.the stresses induced- i

are quite low and probably of the same magnttude as SSE
stresses, Those inertial induced stresses are also neglected :-

i because

their value is compa ra t i vel y low ('a t the tube sheet level)~

; the current e voluti on of t he ASHE code ( seismic design'or
pi pi ng) tends to classify those also in the " secondary"
type,

.the dynamic l o'a d s induce essentially tube bending and the-
resulting stresses do'not significantly interact with axial
flaws.,

However-for circumferential cracks the stresses i n'd uc e d by
differential expansion between the hot and cold legs could
not be. negligible despite-the " secondary" character usually '

assigned to thermal stresses. -Indeed, the axial' deformation
on the tube at the flaw level remains low compared with the
displacement that.would be needed to relieve the stresses.
Nevertheless, these stresses will be neglected hereafter,-
benause

they are low when compared against those resulting from-
pressure.

,

'
they are compressave in the hot leg, i , n', where practically-,

all the stress corroston cracks occur:

* - In compliance with the s pi ri t of ASHE III (and in strict
conformity with article =IWB 3612 of ASHE XI) _the safety'
factors are taken as -

3 for normal and up;et conditions ( s e r'vi c e levels A and R*

of ASME) .

/2 for emergency and faulted condi tions ( service levels C
and D of ASME)

-These factors are intended to apply to loads (in practice,
the differential pressure), However, Tables 4-1 and 4-2 as.
well 's Figure 3-1 show that at pressures 3 times or /2 times-
the norm ; p ensure, the margins in terms of flaw size
( rati os of critical crack length to actual length)' ar.e higher.

than these . values ( 3 and./2)'for axialferacks1 and.

considerably lower for circumferential cracks. -This-does not
appear to be reasonable as the tctual uncertainty is more
related to size than to load.
Therefore, these safety factors have been applied to the Flaw >

length rather than to the pressurec

- For axial _ crack's''in the roll transition area, the reinforcing
'

-

effect|of the tube sheet is taken into account based on
results of the BELGATOM experimental program

,

*
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- For circumferential cracks located at the'same level..a
favourable errect results from the proximity of. the Elow
Distribution aarfle ( FDB) or other next-support. plate even
ir, due to manufacturing tolerances and in-service thermal
gradients, this leads to some bending of the tube, which may
tend to open.up the---circumferential crack.
Indeed *

the bending stress induced by a displacement at FDB level.
is of the." secondary" type and therefore, may be neglected
in the. evaluation of the critical size ( whilst this stress
may be very significant in crack initiation and
propagation);

as the instability can be reached only by sufficient I

deformation of the cracked section ( and . particularly by ~ l

considerable angular deformation) . the presence of the FDB
constrains such deformation, thereby raising the value of
the pressure required to initiate instability. This errect
is illustrated in Figure 3-2.
The favourable errect-of the FDB is also taken into account
based on results of the BELGATOM experimental program.

.

The detailed calculations are covered by section 4.

3. 4. PLUGGING CRITERI A PRINCIPLES

The f oll owi ng is a summary of the procedure which is further detailed ,

under section 4.

- Any crack detected-is evaluated as if it.were-a through-
thickness crack; for axial cracks parti ally. e ngaged wi t hi n
the' tube' sheet, the crack length to.be considered is.that

! extending above the last tube contact point with the
tubesheet ( upper ~1evel or rolled area).

- The average critical length is calculated ~on the basis of

the nominal tube . geometry ( diameter, wall thickness);

'the average mechanical properties of the; material. ( Yield
Stress,- Ul t i ma t e Tensile Stress)

for both the normal and accidental serexce conditions.

- The minimal cri tical length is calculsted.on the basis of :

a
the most unfavourable tube geometry'(max. diameter and. min, j
thickness); 5

'|
the most unfavourable combination of-the material
. properties ( mi nimum of the sum YS + UTS);

the accidental s e r vi c e conditions,

3-7
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- All mechanical properties are those measured at 3430C ( 650o F)
on the various batches used in the considered SG.

- For cracks located in the roll transition area, credit is
taken for the reinforcing effect of the tubesheet ( a xi al
cracks) or the constraining effect of the nearby support
plate ( ci rcumf e rent i al cracks).

- The allowable value or the measured crack length is taken
equal to the lowest of the two f ollowi ng evaluations
FIRST best estimate, with safety factor

+ the average critical length is di vi ded by the R . G.1. 121
safety factor, for both the normal and accidental
conditions.
The lowest resulting value is retained.
The allowable length is obtained by deducting the average
value of

sizing inaccuracy res ul ti ng from the inspection method,

the propagation (in length) of the flaw until the next
inspection.

SECOND most conservative estimate, without safety factor
+ the mi ni mal critical length is considered
+ the allowable length is obtained by deducting the maximum
effect of both sizing inaccuracy and crack propagation
rate.

- The pl uggi ng limit is taken equal to the ( lowe s t) allowable
length, rounded off to the next higher mm.
The whole procedure is summarized in Table 3-1.

3. 5. INFLUENCE OF CRACK LOCATION ON PLUGGING REQUIREMENTS

The plugging requirements resulting from the above pri nci pl es apply to

- axial cracks located (or extending, at least pa ru i a ll y) above
the top of the tubesheet

- ctraumferential cracks located either above or belew the top
of the tubesheet, but at an elevation such that disengagement
of the tube from the tubecheet hole cannot be precluded in
case of a complete circumferential severance and in the
absence of any pull resistance from the expanded tube
section.

i

!

This in consistent with the so called PA approach proposed by

WESTINGHOUSE; the subsequent FA approach has not been adopted because

| of the uncertainties related to the actual pull strength developed by

the upper roll steps.
v

v
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There is no possibility of tube bursting from an axial defect, of any

length, when entirely engaged in the tubesheett thus no pl uggi ng limit j

|is applicable to that case.

There is also no safety problem ( and no plugging limi t) for

circumferential cracks located below the p* 1evel,

3. 6. CONSEQUENCES OF PROPOSED APPROACH

3.6.1, Inspection Requirements

The plugging / repair policy, as outlined above, implies large scale

inspections by the rotating cancake coil ( RPC) .

Once a generic problem, like PWSCC in roll transitions, has been

detected, and to the extent that crack lengths in excess of plugging

criteria may be expected, a 100 % inspection of the degraded area

(i.e. the roll t ra nsi ti ons) is indeed a re q ui reme nt; such an

inspection has been performed in both the Doel 3 and Tihange 2 plants

because of clear prior indication that crack lengths in excess of

15 mm ( 0. 59 i n) might be present.

This does not. imply a 100 % reinspection after each cycle.

Reinspection may be limited to those tubes with a crack length such

that the maximum i ncrease rate ( mm/ c ycle) would allow them to reach

the plugging limit; tubes previously uncracked need only be

reinspected-when they could reach this li mi t, on basis of a maximum

i ni t i al length and propagation rate.

'l
3. 6. 2, Gen eralization of the approach

Large scale sospection of a specific area affected by a particular

problem does not i mpl y any increase of the general basic inspection
i

(performed with the " bobbi n coil" EC technique and aimed at detecting !
l

unsuspected defects).

It~1s not intended to extend such base inspection above the-present

mandatory-level of 3 % per SG and per year. However should any other

degradation mechanism be. evidenced, it'would be handled in a way

,i
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i

similar to the hereabove outlined PWSCC cpproach, such as :
'

' extension of'the inspection sample tcs establish the-

(potential) generic; nature

- inspection by a dedicated method (if required)-of_a tube _
sample of' sufficient size to allow the establishment of a
meaningful distribution curve of the relevant defect
dimension (s)

- if and when the distribution curve shows dimension (s) in
excess of plugging limit, the. inspection'would be' extended to
cover 100 % of the tube bundle area and of the tube-length
affected by the problem

- - the plugging limit would be established along'the same
guidelines as for the PWSCC problem, using NDE uncertainty
and defect propagation rates specific to the case under
consideration.

i

.
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TABLE 3-1
PLUGGING LIMIT FOR SCC IN ROLL TRANSITIONS f

i BASIC PRINCIPLES

t

BEST ESTIMATE MOST CONSERVATIVE ESTIMATE ,

WITH safety factor WITHOUT safety factor i

CRITICAL LENGTH AVERAGE value, on basis of MINIMAL value. on basis of
'thru wall crack) nomi nal tube geometry unfavourable tube geometry ;

( di amet e r, wall thickness) ( ma x. di ameter, mi n. t hi ckness)
i . average of actual mechanical . lowest material properties ,

properties (YS. UTS) (*) ( mi n. of YS + UTS) (*) L,

| service conditions . accidental service conditions

SAFETY FACTOR normal accidental
(on le ngt h) 3 /2 1 !

, ,

! u v,

IW lowest value i
u >

l.

'

ADDITIONAL M A RGI N .I
sizing accuracy average maximum
-propagation until next average- maximum I

inspection
t

I I
V *

CRITICAL LENGTH
I PLUGGING LIMIT lowest value of - ADDITIONAL MARGIN

SAFETY FACTOR- '

,

~ For cracks'in ROLL TRANSITIONS. the plugging limit is increased to take credit from the constraining
"effect

r - of tubesheet, for axial cracks ,

''-'of.. support plates, for circumferential cracks
(*) mechanical-properties measured at-design temperature ( 650*F 343'F) for all Inconel heats used-in=

. construction. !
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l. , ratio of crack critical . lengthe
g * to actual crack (ength

5-- Ic
P , ratio of critical pressure

ser} ice pressurep ' to

A
__

AXIAL CRACK'.,

Example ;.

l. -- r p
C

3j. j At -4

, .a
' I

#
= 4.2

.-

3--
.

/
'

__

*
,

'
2-

._

'
-- - - -

::Q CIRCUMFERENTIAL CRACK,

Example :< i

/ -

|.
| | | | At =3C

1 2 3 pc
i #

p N 1.4

SAFETY MARGIN ON LENGTH

AS A FUNCTION OF.

SAFETY: MARGIN ON LOAD (pressure). l

!

Figure 3-1 )
I

l
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SCHEMATIC ILLUSTRATION OF INFLUENCE OF A F. D . B _ OFFSET ON THE BURST OF A TUBE
WITH 180* CIRC. CRACK. '

DEFLECTS \

f
'

i
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\ W \
\ '
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. \

u

-\' Note ang!es d at
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I \8
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{ of tirne of rupture. i t

E
g

i
! i 3 i

\i \
|

-

\

\; i t
'

I I i | 1 4 !, , ,
1

/////,/// | }'//////// | Y//////// y/////////I V///////WI
p=0 p>0 p >> p=p >Pc free tube.

1) Assumed iniSci 2.) Eff ect of merecsed 3.) Effect of further I .) Pressure recches 5.) Criticot pressure for
of* set condition pressure , pressure ir:crecse. criticci vclue. tube with no F D.B.cf F.D. B .

'Figure 3-2
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Section 4 !

!

CRITICAL SIZE CALCULATION

4 . 1. INTRODUCTION
'

This section details the methodology for establishing the plugging i

l i mi t s in compliance with the guidelines outlined in section 3.4.

The calculation procedure of critical sizes is outlined in

C section 4.2. for axial cracks
i

section 4.3. for circumferential cracks. |

The corresponding qualification bases are explained in section 4.4. j
The procedures are illustrated by sample calculations of critical-

sizes in section 4.5. Finally the actual plugging limi ts are derived .j

from the critical sizes in section 4.6.

,

4. 2. CALCULATION OF CRITICAL SIZE OF AXIAL CRACKS
)'

In the elastic field, the membrane circumferential stress at both tips

of a through-wall crack can be computed by multi plyi ng the nominal

' stress (o) (in an uncracked cross section) by a f a c t o r ( m) , usually

called " bulging factor * or "Folias factor" ( af ter respectively, the

local bulging shape, and one of the first people to investigate the
4

phenomenon).

Experimental work has demonstrated that the same law remains valid in

the. plastic. field up to the break ( unstable axial propagation), l',; e .

when the local circumferential membrane stress ( m a) reaches a

critical value ( oe) (the flow stress) typical of - the' material and a

function of the conventional values of the yield stress ( YS) and the

ultimate' tensile st ress ( UTS) .

>

.
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A

Amorio t ho -va r i ous approximations of m proposed in 1.hu literaturo, that'

or ECDOG AN (1) appenes the mont n u i t. a b l e'

'O.614 * 0.386 exp (- 2 . 2 '; e , nt ) + 0, 8 6 ti ci/Rtm =

the half-length or the through-wall crack-where c =

the mean radAus of the tubeR =

,

L= the tube thickness

This expression dirrers from that initially proposed by Folias

/( 1 + 1. 67 c' / R L)m =

.

(see F i g. 4.1) and which is still orton used today,

i

A lower bound of the flow stress ( oe) is given by

,

0.513 ( YS + UTS), ce =

f where YS and UTS are the conventional mechanical properties of the

tube material as measured,

in the ( usual) . longitudinal di re c ti on;-

- at design temperature ( 650* F = 3 4 3 * C) on the actual material

{ used in the SG under consideration ( construction records).

I

The nominal stress-(o) is calculated by'

p ( R/t - 0. $)oa pRi/t a -
,

where p is the'dirrerential pressure

Ra is the internal radius

a

R and t are as defined hereabove,'

;
'
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The three parameters ( m) , ( oe) and ( a) being related under critical

. conditions. .by

on = mo

any of them can be calculated from the knowledge of the two others.

For instance, the critical pressure, for a given defect length ( hence
,

m), is given by

o, /( R/ t - 0. 5)os/m and p. =oc =

The critical length, for a given pressure loading ( hence a), i s given

by

f ( m. , /Rt)ce/o hence c =m, =

This procedure is valid for axial cracks in a " free" tube section. If

the crack is adjacent to the tubesheet, the corresponding

reinforcement increases the critical pressure or the critical l e ng t h;

on basis of the Belgatom e x pe ri me ntal test results and for the crack

length range of practical interest, the reinforcement effect can be

taken into account b y . a 2 mm ( 0. 0 7 9 i n) increase of the critical size i

calculated in a free span, for both 7/8" and 3/4" tubing.
!

!
y
)

4. 3. CALCULATION OF CRITICAL SIZE OF CIRCUHFERENTIAL CRACKS
.,

The critical size of a circumferential through-wall flaw is calculated
-1

by the " collapse load" or " net section stress" theory'(as' documented j

by various authors, e. g. ( 1) , assuming a perfectly plastic' material' |

(as illustrated by Fig. 4, 2) .

This can be formalized in a way similar to the axial caae, by defining

a "nhape factor" ( nl .

4-3
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i ' Tube rupture ( unstable circumferential propagation) occurs when the

local longitudinal stress (no) reaches a critical value (ae) ( the.
I flow stress) ' typical of the material.

The shape f actor ( n) can be easily calculated as"

4

'

s sinu e
! n=-i ( arc cos -) (see Fig. 4-3)

2 2 2

where (<>= half angle ( hair are length) of'through-wall crack.

This expression applies to pressure loading of an unsupported tube and

would be dirrerent for flexure loading through an applied bending

moment,
,

7

The riow stress ( oe ) is defined by the same expression as for the '

axial case
,

0.513 (YS + UTS)os a

1~

The nominal stress is calculated by.

8w R p(R- t/2)3 p R
= - m -(- - 1)o= p

; 2 wRt 2 Rt 2 t

where ( p); ( Rs ); ( R) and ( t) are as defined for the exial case,
i

The three parameters ( n) , (oe) and ( c) being related, under critical

conditions, by
,

or = na

i

any of them can.be calculated from the knowledge of the two'others.

-In particular :
'

{ The critical pressure, for a gi ven defect length ( hence n), is given

by
-

ce / n and p. 2 oc/(R/t t)o. = = -

,

!
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- The critical length, for a gi ven pressure loading (hence a), is given

by

^l
i. .

1

f 'n.)og/o hence a. an. =

' - It should be noted that the procedure is not valid for small crack

lenghts-(a < 50 deg.), because railure occurs through the higher
7

ci rcumf ere nt i al 's t re ss ( longi t udi nal burst af ter extensive bul gi ng) .

If a circumferential crack is located close to the tubesheet, the
,

' constraining errect of the adjacent flow distribution baffle ( FDB) or

other support plate increases the critical pressure or the critical
,

length.

The " net section stress" theory can again he used to evaluate this

errect by taking i nto account the additional bending moment induced

by the plate support; under railure conditions, this moment can be

considered constant at a value corresponding to initiation or
' pins tici ty ( thus allowing the large angular deflection needed at the

crack location) . This corresponds to the moment at. yield stress

I I

8( -) c. = w t r .o, where - is the bending modulus! H. =

y v

and introduces a K ractor in the previous critical equation

a sin a - K =

n = -/( arc cos -)
2 2 2

with
a

W

X - o, / o e=

2
.

Because the conventional yield stress corresponds to a r e l a t i've l y

high plastic strain ( 0. 2 1), a value closer to the-proportional limit

- ( about . 2/ 3 of .YS) should'be selected for a,, so that K ~m 0. 6.

The value~or a, i n the above formula, cannot exceed the li mi t value

a = (1 - 1/n) w corresponding to a pure tension railure -( no

si gni ficant' bendi ng),
..

.The adequacy or.this approach has been verified by the BELCATOM j,

experimental test program ( 8) .,

1
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4. 4. QUALIFICATION BASES

The " bulging factor" or Folias approach for predicting the ductile

fatture or axially cracked pipes has been known for a long time.

However until the 80's it lacked any experimental background

concerning

- small diameters (e < 3")

c
2 - long riaws ( ) 4 i . e. 2 c> 15 mm ( 0. 59 ~ 1 n) for

/Rt a 7/8" tube)
*

- the properties of the " Alloy 600" material _(oe and its
dependence on the conventional values for YS and UTS).

For this reason an experimental program was started by BELG ATOM in

1980 based on electric discharge machi ned ( EDH) through-wall flaws.

The results of this program were presented at the conferences of SHIRT

( St ruct ural Hechanics in Reactor Technology - Paris 1981 and Chicago:

1983) as well as at other international symposiums ( 1) to ( 6), The
,

main results are given below for axial cracks -

- the bulging factor theory was confirmed as being applicable 1

( Fi g, 4.4)
.

- the riow-stress value could be corrolated with the YS and UTS
values ( Fi g. 4. 5) allowing extrapolation to mechanical

s' characteristics other than those being tested.

the break is not preceded by stable crack-growth. However.-

? precritical local deformations are considerable -

( Crack Openi ng Risplacement - COD) as illustrated by,

Fig. 4. 6

bulging as illustrated by Fig. 4. 7

rishmouth opening as illustrated by Fig. 4. 8

the e x pe ri me n t al program 'also veri fied the ne gli gi bl e-

influence or -

secondary stresses ( strong initial ovali z a t i oni t

I the sharpness of the ' crack tip ( ratigue cracks);

the proximity of several parallel flaws,

|

|
.

4-6

- - . -



_ _m - _ _ _ . _ __ _ ..

As to circumferential through well c r a c k s ,' tests were_also conducted

to vertry the apflicabili ty of the well known " ne t section stress"

theory, with and without bending res t rai nt. The same expression of

0. 513 ( YS + UTS) was used.flow stress as =

The apparent conservatism of some test results ( Fig. 4.9) probably

originates from the experimental conditions-(a small part of the load

being taken by the sealing system used to prevent leakage through the

defects).

A complementary program has recently been carried out by BELGATOM in <

order to evaluate the influence of proximity to tubesheet (the case of

Plaws in the roll transition area, at the top of the plate). The

results are summarized by F i g. 4.10; one can conclude that for cracks

adjacent to the tubesheet, ha vi ng a reduced length c//Rt ( outside the

plate) or about 2. 5, the bursting pressure is raised to the value

corresponding to a 2 mm ( 0. 079 i n) shorter crack located in the free

area.

Tests were also conducted to evaluate the beneficial effect of the-FDB

( or other nearby support plate) for tubes with circumferential cracks

located close to the top side of the tubesheet. The results are

summarized by Figure 4.11; they confirm t he adequacy of the net

section stress approach and-establish the appropriate value of K to be

used to take lateral restraint into account.

The results from the BELGATOM program have been compared to'those from

other similar programs conducted in'other countries, to the extent

those ( generally unpublished) results were made available. Good

agreement was found for all available i n f o rma t i o n; in particular all

programs conclude that the effect of multiple parallel axial cracks

can be evaluated on basis of the single isolated longest crack, at

least as long as the number of cracks is-lower than about'20

4. 5. SAMPLE CALCULATION OF CRITICAL SIZES

As an illustration of the above procedure, the present section

outlines the detailed calculation of critical sizes for axial and

4-7
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circumferential through-wall defects i n "rrea sections" ~ ( away f rom =
-

,

tubesheet or support plate) .or 7/8" and 3/4" M. A . Inconel tubing.

'

Input Data

,

b 1

SG model '51 E
'

tube diameter 7/8" 3/4"

diameter nomi nal 22.22 (. 875) 19.05.(,75'l''

4 ( mm) ( i n) max 22.35 (.88) 19.15 ( . 754)

thickness.. nomi na l - 1.~ 2 7 ( . 0 5 )' 1.09 ( .' 0 4 3 )
(mm) ( i n) min 1.14 ( . 045) 0.99 ( . 039).

H. L. Operating temperature
T * C ( * F) 323 ( 613) 330(626) '

UTS MPa ( ksi) 552-(80) 552(80)
at T

YS HPa ( ksi) (*) 243 ( 351' 243(35)

dirrerential prensure
- har -( psi) (AA)
normal conditions 100 -(1450 ) 90 (1305 1

,

accidental conditions 178.5(2590 1 189.7(2750 ),-

,

Minimum specified properties from ASHE code case.H20-19841 the YS'a

value is interpolated between those given at 600 and-650*F. The

code case UTS is kept at the same.value f rom ambient temperature up

to 650* F; t hi s is somewhat unconservative as tests on actual SG

material currently evidence a drop of about<4 % ( see Fi g. 4.12) .

^^ - Hi ghest di f f erenti al pressure resulting from a design basis

accident -( FWLB) i n sa f e t y a na l ys i s __ re port.

Actual' Mechanical properties
e

For all Belgi an SG's, the mechanical properties ( YS and UTS) ' ha ve ' b'ee n

measured and documented..for all heat numbers, both at..ambienE1and
-design (650*F 34300) temperatures.=

.

Each SG involves the use of'several tens of heata ( up flo .200); .

Fi g. 4.12.gives a typical distribution ~or properties for aLparticular' "

SG.
s

l'

.
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.As.each tube (at a particular row / column location) of a SG is ' )
traceable to i ts original heat number, it would be-possible to |
calculate spectric critical crack sizes for each tube. This approach

has not been considered to be practical but the principle of critical

sizes specific to a particular S.G. has'been retained; However when

comparing the average and mi nimal values for all 3 SG's of a

particular plant, or even for two sister plants ( Doel 3 and

Tihange 2), the differences appeared to be small (less than'4 %) and

did not warrant the admi ni s t ra ti ve burden of managing separate _ sets of-

plugging criteria. Thus, it was decided to calculate critical crack

sizes applicable to all 6 SG' s or Doel 3 and Tihange 2-

For the purpose of the f ollowing sample calculations, these actual
,

values for 7/8" SG material are also used for the 3/4"' case in order

to facilitate comparison, although the riow stress is higher by 4 %

for the 3/4" tubing ( conclusion valid for tubing of Doel 4 and Tihange

3 steam generators) .

Calculations

The calculations have been made for a range or

- Geometries

nominal dimensions ( diameter and thickness);.

conservative combinations ( maximum diameter and mi ni mum :|
thickness); i

- Hechanical Characteristics ,

,

'l
typical;

mi nimum specified;

actual properties of SG material ( on basis E or 6 SG's for 2
sister plants); i

1
+ average value;

+ absolute minimum ( measured' on batch);-

- Dirrerential pressures : bar ( psi)

normal' service pressure 100 (1450) ( 7/ 8") or-

.

90 (1305) ( 3/ 4");

same, with safety margin 3 300 (4350) ( 7/ 8") or
270 (3915) (3/4");

..

;

4-9
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accidental pressure ( SLD/ FWLD) 178.5 (2590) (7/8") or-

189.7 (2750) ( 3 / 4") '

same with safety raa rgi n /2 252.5 (3660) (7/8") or. .

268.3 (3890) ( 3/ 4")

The results are given in

- Tables 4.1 and 4. 2 for axial defects
(7/8" and 3/4" t u bi ng)>

,

- Tables 4.3-and 4. 4 for circumferential def ects ( 7/8" and 3/4"
* L ubi ng) .

piscussion or nesults

For Axial Flawn. The most conservative way to apply R..G. 1.121

( mi nimum s peci fied mechanical characteristics,-and safety margi ns

taken on the pressure) lead to a maximum acceptable length of

respecti vely 7. 3 mm ( 0. 2 8 7 i n) for 7/8" diameter and 7. 8 mm

(0.307 i n) for 3/4" diameter.
,,

i

it should be noted that the normal service conditions are prevailing' '

for 7/8" diameter due to the safety margin of 3; under the same very

conservative conditions, the acceptable length derived from the

accident cond1tions ( with a /2 safety margin) . i s 9. 7 5 mm ( 0. 3 8 4 i n) .

If an additional margin had to be taken to allow for NDE sizing

uncertainties and crack propagation.during the next operational cycle

( as discussed in 4. 6 herearter), this would reduce the allowable

length to the order of 2 mm ( 0. 079 i n) , a value which_does not even-

permit reliable detection.

4

.]Lgr Circumferential Flaws. The most conservative way to' apply the

R. G. 1.121 leads to an acceptable lengt h of 139' ' or 24. 5 mm ( 0. 965, i n)

|
measured according to the inside of the tube wall for 7/8" diameter

and respectively 148a or 22.2 mm ( 0. 874 i n) -for 3/4" diameter. It I

r~ .should be noted that, again, the service conditions are dominant for

7/8" d i a me t e r; th'e' acceptable length derived from the accident

(- conditions is 1$20 (= 26.6 mm - 1.047 i n) .

i

{-

|-
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It should be noted that there is a striking difference between axial

and circumferential cracks when the safety factor "S" is taken on_ load

(as requested-by R.G. 1.121).

The' result, when expressed.as a safety factor on length.

- is significantly larger than S for axial cracks;

is much lower than S for circumferential cracks.-

This is illustrated by Fig. 3 . 1, . and leads to an unsatisfactory

situation as actual uncertainties are more related to defect sizes

than to load intensities. This also is the basis for applying the R.G.

1.121 safety factors on crack lengths, rather than on loadings. With

respect to original requirements this reduces somewhat the

conservatism for the' axial crack case but increases considerably this.
~

conservatism for the circumferential crack case.

4. 6. ESTABLISHMENT OF TUBE PLUGGING CRITERIA

Critical Lenaths

Application of the procedures outli ned under 4. 2;- 4.3 and 4.5 allows

one to calculate

The averace critical length, on the basis of :- q

the nominal tube geomet ry ( diame ter, wall ~t h'i c k n e s s ) ;,

the average mechanical properties of t he. material ( Yi eld i

. Stress. Ul t i ma t e Tensile Stress)

.for.both the normal and accidental s e r vi c e conditions.
- The minimal critical;1ength, on basis of :

the most unfavourable tube g e ome t r y ( i..c x. diameter and. min..

t hi c k ne s s ) ;. j
the most unfavourable combi nation of . t he mate rial
properties ( mi nimum of YS + .UTS);

the accidental service conditions.
~

All mechanical properties being those measured at 343*C ( 650* P) on the

va ri ous batches ( heats)- under consideration.

4-11
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The safety factorn applicable to the average c*1tical length are

- 3 for normal s e r vi c e conditions;

- /2 for accidental conditions;

the lowest renulting value is to be used (an already explained, the

first condit is practically always pre va ili ng) .4 "

Two additional margins are to be taken into account

- allowance for ECT undersizing of the actual defect length;

- leng(n increase of defect during the subsequent operation
period of time, up to the next ECT i nspection.

Evaluation of these two effects is based on field data obtained.from

axial cracking (roll t ra ns i t i on) of 7/8" tubing.

For the first effect, a good knowledge of the sizing accuracy has been

obtained by comparing the RPC ECT length measurements with_the actual;

ma xi mum ( I D) length of about 30 PWSCC roll transition cracks from

3 pulled tubes (see Figure 4-13). The calibration has been adjusted so

that the average deviation between measured and true values la close

to aero. This is conservative as the average length of an actual-PWSCC

flaw is lens than the maximum length measured on the I D; as a

confirmation, it has been checked that the RPC method systematically

overestimates the length of " square shaped" artificial ( EDH) through

wall defects.

With respect to the calibration line ( Fi gure 4.13) It can be.seen that

five cracks show an underes timat ion i n excess of 1.5 mm ( 0. 06 i n) ;

they all relate to tubes pulled from Doel 3 ( wi th kiss rolli ng) . From
' the tubes destructive e xami na t i on, these cracks are known-to be-often

shaped as illustrated by Figure 4-14. It is clear from this picture,

that the apparent length underestimation by RPC results from the-

particular shape and that a 1. 5 mm ( 0. 06 i n) accuracy margin more than,

adequately covers any structural concern.

As a confirmation, for the Doel 2 pulled-tube ( wi t h' st a nda rd roll),

where the OD length of cracks is close to ID l e n g t h ( 1. 5 mm - 0.06 in

max di f f erence), the ECT underestimation of ID length never exceeds

1 mm ( 0. 0 4 i n) .

I 4-12
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As.a consequence, the ECT-( RPC) sizing accuracy margin has been

considered to have a maximum value of 1. 5 mm ( 0. 0 6 i n) . i

For the second effect, the-margins are d e ri ve d from the analysis of.

all data coming from the last two operating cycles of the Doel 3 and j

Tihange 2 plants ( see Table 4-5). As the crack propagation is

dependent on the initial crack size, the analysis was restricted to 0
all the cracks with an initial length ( at begi nning of cycle) of 9 mm ;

( 0. 354 i n) or more (there were 13 9) ; - on this basis, the average j

propagation is 1. 6 mm - ( 0. 0 6 3 in)/cycla, with a maximum upper bound of d

4 mm ( 0.158 in)/ cycle. ,

1

The additional margins are thus summarized in the followi ng table .

,

Value Cycle propagation ECT underestimation

average 1. 6 mm ( 0. 063 i n) O

maximum 4 mm ( 0.158 i n) 1. 5 mm ( 0. 06 i n)

For a "best estimate" analysis, the average values of both effects are

considered, i . e. 1. 6 + 0 1. 6 mm ( 0. 063 in)
..

=

For a " worst combi nation" analysis, the maximum values of both effects

are taken into account : 4 + 1. 5 5;5 mm (0.217 i n) .=

While these values are strictly applicable to axial cracks measured.by j

ECT in 7/8" tubing, they are kept unchanged ( until f urther information

becomes availaile) :

- for 3/4" tubing;

- for circumferential cracks;

for UT sizing; ( a comparison of ECT and UT sizing was .-

performed in June 88 on 7 tubes of a Doel 3 S0, with close.
. agreement wi t hi n 2 'i mm) .

The mentioned values ( 1,' 6 and 5.5 mm) are of course onlyfapplicable if.

an ' inspection 1s- being performed at'oach cycle-with.an RPC inspection

technique equivalent to that described in section 6.

i
.

1
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The allowable length is taken.as the lowest value resulting from the

two f ollowi ng analyses.

' f eat ' Es t i ma t e" . A na l ys i s . With Snrety Factors, -The average criticalI

lengths are' calculated for both normal a nd - ac c i d e nt al . cond i t,l ons.
For Claws expected to propagate in the roll transition area, a margin

( in length) 1s-added'to take into account the reinforcing errect or +

'
- the-tubesheet vi ci ni ty for axi al- cracks;

* the FDB/ aupport plate restraint for circumferential cracks.-

3 , . . .

Those values are then devided by the recommended sarety f actors -( 3 for

, - conditions and /2 for accident c o nd i t i. o ns ) ,normal
,

The additional margin of 1. 6 mm ( 0. 06 3 i n) .is subsequently deductedi

The results of the corresponding calculations are summarized in the

next table on basis of the f oll owi ng average mechanical properties at

I -3430C ( 6500 F),

290 HPa (42 ksi)- YS n

i
- UTS = 676 HPa (92 ksi)* '

The flow stress is taken as

495 MPa (72 ksi)-0.513 (290 + 676)or = =

,

,

i

l

1

]
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CRACK TUBE PRESSURE CRITICAL SAFETY CL ALLOWABLE LENGTH
TYPE SIZE bar LENGTH FACTOR --

( psi) CL SF SF

AXIAL 7/8" 400 49 mm 3- 16.3 mm 16.3 - 1.6'= 14.7mm
(1450) ( 1. 929i n) ( 0. 642i n) ( 0. 571 i n)

178.5 25 mm /2 17.7 mm
(2590) ( 0. 9 8 4 i n) ( 0. 6971 n)i

3/4" 90 47 mm 3 15.7 mm
( 1 -3 0 5 ) ' ( 1. 850i n) ( 0. 6181 n).

189.7 20 mm /2 14.1 mm 14i1 - 1. 6 12.5mm=

(2750) ( 0. 7871 n) ( 0. 5 5 51 n) (0.492 i n)

* CIPCUM- 7/8"; 100 223 d e g .- 3 74 deg. 74 - 9 65-deg.= =
'

j FERE- (1450) f3341deg i1111deg 12.2 mm ( 0, 4 41 i n)

HTIAL (111 - 9 a 102 deg,
=17.5 mm ( 0. 6891 n) )

178.5 194 deg. 137 deg.
(2590) (3131deg /2 ( 2211 deg

a

3/4" 90 227 deg. 3 76 deg. 76 - 11 = 65 deg. =

(1305) 9. 6 mm ( 0. J78 i n)
(336)deg (1121deg i112 - 11 =101;deg,

14.9 mm( 0. 5871 n) )=

190 deg. /2 134 dog.
189.7 (310ldeg ( 2191 d e g -

(2750)

,

(.. 1 Applicable to roll transition because of restraining effect of
TSP ( ci rcumferenti al flaws)
The tubesheet reinforcement for axial' cracks is negli~gible
because of the large values of critical lengths.

,

" Worst Combination" Analysis. Without Safety Factors. .The mi ni mum

critical-length is considered. In the-roll ~ transition area, credit
,

; (i.e. i ncrease - of allowable . length) is then taken for the reinforcing'

effect of

- the tubesheet vi ci ni ty,' f or a xi al cracks!
!

- the'FDB/ support plate restraint..for circumferential cracks,

~i'
. .

The additional margi n of 5. 5 mm ( 0. 217 i n) f i a subsequently deducted.
> -

4
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The results or the corresponding calculations are summartaad in the !
t

-next table on basin of the rollowing minimum mechanical proporties at -)
343*C ( 650* F) -

- YS * 228 MPa ( 33 kni)

- UTS 600 HPa ( 87 kai)a

The flow strena la taken as .

os = 0, 513 (600 + 228) 425 HPa ( 62 kni)=

CRITICAL LENOTH ALLOWADLE LEHOTH'
'

, CRACF TUBE
TYPE SIZE FREE ROLL FREE ROLL

SECTION TRANSITION SECTION TRANSITIONo

AXIAL 7/8" 16.8'mm 18.8 mm 11.3 mm 13.3 mm
(0.661 i n) (0.740 1 n) (0.445 i n) (0,524 i n)

3/4" 13.6 mm 15.6 mm 8.1 mm 10.~ 1 mm
(0.535 i n) ( 0. 614 - i n) (0.319 i n) (0,398 i n)i

CIRCUHFR- 7/8" 31,2 mm 52 mm. 25.7 mm 46,5 mm
; RENT!AL 178 deg. 297 deg. 147 deg. 266 d e g.

3/4" 26.3 mm 44.2 mm 20.8 mm 38.7 mm.
.

175 deg. 295 deg. 139 d e g. 258 d e g.

]

PLLitus1 Loo L L mi t

i The two preceding tables are now compared and the lowest value la
! retained ac the ailowable measured valuo. Tho - pliaggi ng 'l i mi t io

obtained by rounding-off at the higher mm valuo.

The calculation procudure is outlined

- in Tablo 4 . f. for axial dorocts i n 7 / 8 " t u b e r,

in Table 4. 7 for c i rcumf ere nt i al defects in 9/8" tubon
( derec ts located in roll trannition area),

i'

I

i

'

L
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ALLOWABLE LENOTHA ON DASIS OF PLUGO!HO
LIMIT

CRACK TUBE
TYPE S'( I E best e s t i ma t e worst combi na ti on

+ sarety factor analysis
,,w/o safety factor

AXIAL 7/8" 14.7 mm 13.3 mm 14 mm ' ' '

(0.579 i n) (0.524 i n) ( 0, 551 i n)
3/4" 12.5 mm 10.1 m.1 11'mm

( 0, 4 97 i n) (0.398 i n) (0.433 i n)
CI R CllH F E - 7/8" 102 deg.= 17.5mm 266 deg. 46.5 mm 18 mm=

RENTIAL ( 0. 689 i n) (1.83' i n) . (0.709 i n)
3/4" 101.deg = 14.9mm 258 deg. 38.7 mm 15 mm=

( 0. 5 87. i n) (1.524 i n) ( 0. 591 i n)

Allowable length or riaws situated in the roll transition area,*

t.

.-

d
a

!
l

l

l
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TABLE 4-1

CRITICAL LENGTH OF AN AIIAL THROUGH-WALL DEFECT IN 7/8" TUBING ,

for a nomi nal and unfavourable ( wi thi n brackets) geometry
i

I

MECHANICAL PROPERTIES YS UTS as CRITICAL LENGTH ( mm) for P ( bar) |=
r

300 |I REFERENCE T ( * C) NPa MPa HPa 100 178.5 /2x178.5=252.5 3 x'100 =

.

TYPICAL 20 350 700 540 53;6 27.7 18.1 (14.6) 14.4 (11.5) j
,

( 4 4. 2) ( 2 2. 8 ) | -

. ACTUAL AVERAGE 343 290 676 455 48c6 25 16 ( 13. 2) 12.8 (10.1)
(40.2) ( 20. 5)

ACTUAL MINIMUM '343 228 600 425 41.2 20.8 13.2 ( 10. 5) 9. 6 ( 7. 8)

( 3 3. 7) (16,75)

SPECIFIED-MINIMUMr 20 276 552 '425 41.2 20.8 13.2 (10.!) 9. 6 ( 7. 8 )
I | ( 3 3. 7) : (16.75)

' 'y - 316 244 552 410 }38.3 119.7 12.4 ( 9. 7 5)
.

9. 3 ( 7. 3 ) .:
P

| (32.5)| (16)| | j

d

b

.,'

k

p.

,

1

?
h

. . . . _ -
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TABLE 4-1 ( cont * d) ( Bri tish Units)

CRITICAL LENGTH OF AN AIIAL THROUGH-WALL DEFECT IN 7/8" TUBING

for a nominal and unf a voura ble . ( wi thi n brackets) geometry

I i I

i MECHANICAL PROPERTIES | YS UTS o. CRITIC AL LENGTH ( in) for P ( psi) }
4

'
i s I k
l REFERENCE T ( ' F) ksi ksi ksi 1450 2590 /2x2590 =3660 | 3 x 1450.= 43501i . !
e i i
l I (
l TYPICAL 70 50.7]101. 5 78 2.110 1.091 0~713 (0.575) 0.567 (0.453)

(1.740) (0.898)
ACTUAL AVERAGE 650 42 -92 72 1.913 0.984 0.630 (0.520) 0.504 (0.398)

(1.583) (0.807)

| ' ACTUAL MI NI MUM 650 33 87 62 1.622 0,819 0.520 ( 0. 41 3) 0.'378 (0,307) ,

(1.327) (0.659)

SPECIFIED MINIMUM { 70 40 80 62 1.622 0.819 0.520 ( 0. 413) 0.378 (0.307)
A

| (1.327) (0.659),

E '
! 600 35 80 59.5 1.508 0.776 0.488 (0.384) 0.366 (0.287)

O
; | ( 1. 280) |( 0. 630) |

6

8

- e < ~ - ~
_ __ .- _ - . . _ _ _ _ . ._--
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TABLE 4-2

CRITICAL LENGTH OF AN AIIAL Tl! ROUGH-WALL DEFECT IN 3/4" TUBING ,

for a nominal and unfavourable ( within brackets) geometry ,

MECHANICAL PROPERTIES YS UTS av CRITIC AL LENGTH ( mm) for P ( bar) =

270 iREFERENCE T ( * C) MPa MPa MPa 90 189.7 /2 x189. 7 = 268. 3 3 x 90 =

TYPICAL 20 ~350 700 540 51.5 22.4 14.4 ( 12) 14.3 ( 12)
( 4 3. 7 ) ( 18. 6)

ACTUAL AVERAGE 343 290 676 495 47 20 12.8 ( 10. 5) 12.8 ( 10. 5) .

( 39. 8) (16.5)
ACTUAL' MINIMUM 343 228 600 425 39.6 16.5 10. 3 . ( 8. 3) 10.3 ( 8. 3)

( 34. 7) (13.6)

SPECIFIED MI NI MUM - 20 276 552 -425 40 16.5 10.3 (8.3) 10. 3 - ( 8. 3)-

f ( 34. 7) (13.6) : -f

u - 316 244 552 410. 38.2 15.9 9, 7 ( 7. 8) 9, 7 ( 7. 8)
# (32 2) ( 13. 2)

,

s

j.

,

' .I
-f

''

,

_ _ _ . _ _ _ . . . . _ . - , . , . _ . ._ x .. ~ - ,; ,
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TABLE 4-2 ( cont * d) { British Uni t s)

;- CRITICAL LENGTH OF..AN AIIAL.THROUGH-WALL DEFECT . I N 3/ 4" TUBING

for a nominal and unfavourable ( wi thi n brackets) geometry

8

MECHANICAL PROPERTIES YS UTS or CRITICAL LENGTH ( i n) for .P ( psi) <

~

1
.

REFERENCE T ( * F) ksi. ksi ksi' 1305 2750 /2x2750 =3890 | 3' x 1305'= 3915{ ;
!'

| ,

TYPICAL' 70 50.7 '101'. 5 78 2.028 0.882 0.567 ( 0.' 4 72) 0.563 (0.472)
,

(1,7211' (0.732)I i
. ACTUAL AVERAGE 650 42 92 72 1.850 |0.787 0.504 ( 0. 413) 0.504 ( 0. 413):

,

( 1. 567) |( 0. 650) ;

ACTUAL MINIMUM 650 33 87 62 {1.559 -|0.650 0.406 (0.327) 0.406 (0. 327)
i l |( 1~. 366) }( 0 535) |

'
. I

SPECIFIED MINIMUM- 70 40 80 62 1.575 0.650 0. 406 - ( 0. 327) | 0.406 (0 327) i ,

7 (1.366) (0.535) | '),

jj - - 600 35 1 80 59.5 '1;504 0.626 0.382 ( 0. 307) | 0.382 ( 0.' 307) ?[
p | i. p1.268) (0. 520) !

,

'

! ! ) ! I, i :
, , , . . ,

1

^

| |

-

.-

|.

>

;}

. v.. - _ _ - _ _ _ _ -.. . . . . _
~ _ - ~ . . ~



TABLE 4-3

CRITICAL LENGTH OF A CIRCUMFERENTIAL THROUGH-WALL DEFECT IN 7/8" TUBING

for a nominal and unfavoucable ( wi thin brackets) geometry

i
}MECHANICAL PROPERTIES YS UTS as CRITICAL ARC LENGTH ( 2c ( deg. ) ) for P ( bar) =

i

T ( * C) MPa MPa HPa 100 178.5 /2x178.5=252.5 3 x 100 300=

|
t

t

TYPICAL 20 350 700 540 226 198 179 (171) 169 (159) }
,'

( 221) (191) j

i

ACTUAL AVERAGE 343 290 676 495 223 194 174 (164) 162 (153) i
( 216) (186) l

ACTUAL MINIMUM 343 228 600 425 215 185 164 (154) 152 (1 41)
( 210) (178)

SPECIFIED HI NI MUM - 20 276 552 425 215 185 164 (154) 152 (141)
"

( 210) (178)
- 316 244 552 410 214 183 162 (152) 149 (139)

(207) (176)

!
L

= 1 72 mm ( nominal g e o me t r y) - as measuredN. B. . 10 deg.
= 1. 75 mm ( unf avourable ge ome t ry) . around the

- inner side

. . _ . . -.

_ _ _ . _ _ _ _ _ _ _ _ _ _
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TABLE 4-3 ( cont * d) ( British Units) '

t

CRITICAL LENGTH OF A CIRCUMFERENTIAL THROUGH-WALL DEFECT IN 7/8" TUBING

for a nominal and unfavourable ( withi n brackets) geometry *

,

5

MECHANICAL PROPERTIES YS UTS as. CRITICAL ARC LENGTH (2e ( deg. ) ) for P (psi)

3660|3T (oF) ksi ksi ksi 1450 2590 /2x2590 x 1450-=~4350a

i '

'

.

TYPICAL 70 50.7 101.5 78 226 198 179 (171) 169: (159)
( 221) (191) '

.
. }:

.' ACTUAL AVERAGE 650 42- 92 72 223 194 174 (164) 162 (153)
( 216) (186)

,

-ACTUAL MINIMUM 650 33 87 62 215 185 164 (154) 152 (141)
( 210) ( 17 8)- !

u

E SPECIFIED MINIMUMr 70 40 80 62 215 185 164 (154) 152 (141)* ' j ( 210) (178)
$ ' 35 80 59.5 214 183 162 (152) 149 (139)600 '

(207) (176)
| } } | *
i f L 1

N. B. - 10 deg. = 0.0677 in ( nomi nal ge ome t ry) - as measured
.

= 0.06B9 in ( unf avourable g e ome t r y) around.the
, - inner side-

,

7 ,

I

4 .

,

i i

i

k

.

h

.

V ---a = _ , -
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TABLE 4-4
,

CAITICAL LENGTH OF A CIRCUMFERENTI AL TiikGCCM- nt.L DEFECT IN 3/4" TUBING

for a nominal and unfavourable ( within brackets) geometry.

( deg. ) ) FOR P ( bar)MECHANICAL PROPERTIES- YS UTS on CRITICAL ARC LENGTH ( 2 e =

REFERENCE T ( OC) MPa .MPa HPa 90 189.7 /2x189.7=268.3' 3 x 90 =--270
I
I

TYPICAL 20 350 700 540 231 195 176 (167) 175 (167) .

( 725) (189)

ACTUAL AVERAGE 343 290 676 -495 227 190 171 (162) 170 (161)
(222) (184)

ACTUAL HINIMUM 343 228 600 425 220 182 160 (152) 159 (151)
( 215) (175)

,

SPECIFIED HINIMUM - 20 276 552 425 220
.

182 160 (152) 159 (151)
( 215) (175)

- 316 244 552 410 219 180 157 (149) 156 (148)
(213) (173)

,

, N. B . : 10 deg = .1. 4 7 mm ( nomi nal ge ometry) . -

as measured around-the inner side
= 1.50 mm ( unf avourable. geometry -

2. _ . _ u_ _ _ . . _ _ . . _ _ _ . _ . _ _ . _ _ . . _ . - _ _ . . _ _ . _ _ . ._.
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. TABLE 4-4 ( cont * d) ( Bri tish Units)
1.

CRITICAL LENGTH OF A CIRCUMFERENTIAL THROUGH-WALL DEFECT IN 3/4" TUBING

for a nominal and unfavourable (within brackets) geometry

'
4 i ; t

{ YS i UTS | | CRITICAL ARC LENGTH (2 a ( d e o. ) :- FOR P__ ' ps i lMECHANICAL PROPERTIES an

i i i
~ - ' '

.

REFERENCE T ( * F) ksi ksi j ksi 1.305 2750 /2x2750 3890 3 x 1305 39151= =

I |:

I
'

TYPICAL 70 50.7- 101.5 78 231 195 176 (167) i 175 (167) !.

(225) (189) {
.

!'ACTUAL AVERAGE 650 42 92 72 227 190 171 (162) 170-(161) i
(222) (184) | 1

1

ACTUAL MINIMUM 650 33 87 62 220 182 160 (152). 159 (151) 3

( 215) (175) 1,

h.' s
>

$ SPECIFIED HINIMUM - 70 40 80 62 220 182 160 (152) 159 (151) t
( 215) (175) j

- 600 3' 80 59, 5 219 180 157 (149) 156 (148) 1s

( 213) (173) }
I

a

| N . B .' - 10 d e g. : 0.0579 i n ( nomi nal _ geomet ry)
]
I as measured around the inner side

~

3= 0.0591 in ( unf avourable geometry

:

s

-

f

4 s 1 _m-- __ m _ _ _ - -.m-_ _ _ _ _ . . . _ _ _ . _ _ _ _ _ _ . _
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. TABLE 4-5

MAXIMUM PROP AG ATION (FOR 1 CYCLE) OF "LONG" CR ACKS ( a 9 mm)

Reference -2flast cycles of Doel 3 and Tihange 2
,

i i :

UNIT |. DOEL 3 | TIHANGE 2- !

I i I i

SG nr B | R | G B j 1 3 ,
,

, .
.

f I i .

CYCLE 1986 - 1987 1987 - 1988 | 1997 - 1988 1987 - 1988 i 1987 - 1988 | 1987 - 1988 i
I i

INITIAL 6 max x/y 6 max x/y '6 max x/y 6 max x/y omaxl x/y omax{ x/y I
i-LENGTH ( mm) ( mm) ( mm) ( mm) ( mm) ( mm) j|

8 mm 2 1/3 - - 4 1/10 5 5/104 2 1/3 | 4 1/12 i
| |

9 mm 3 1/4 - - 3 3/9 4 3/60 3 1/3 3 1/5

10 mm 0 1/1 0 1/1 4 1/5 4 5/31 0 3/3 1 1/4 j3
i

U 11 mm - - - - 3 1/1 4 1/4 - - 1 1/1 |
!

12 mm - - - - - - 3 1/5 3 1/1 - - i*

!

|
- - -

|
- |13 mm - - - - - - 2 1/1

iCONCLUSIONS . for 139 cracks of a9 mm, 6 max = 4 mm ( 10 cases i . e. 7 %)
for 132 cracks of 8 mm, 6 max = 5 mm ( 5 cases i . e. 4 %) i

,

x/ y = ratio of number of cracks with indicated 6 max, to total. number of cracks with indicated
- initial length.

I

i ( a) not included :
SG R and G for cycle 86-87 ( no inspection i n'1986)
all SG of Tihange'2 for cycle 86-87

( no crack 2 9 m.m)
SG'2 for cycle 87-88

The average propagation rate, for all SG of Doel 3 (cycle 87-88), is 1,6.mm based on 117 cracks
'_ ,.

'with an initial' length a 9 mm.
I-

t
.t

,

_ .. .w r ,4- % <
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TABLE 4-5 ( cont * d) (British Units)

M A XI MUM PROPAGATION ( FOR 1 CYCLE) OF "LONG" CRACKS (h 0.354 i n),

Reference 2 last cycles of Doel 3 and Tihange 2
,

i
UNIT 00EL 3 | TIHANGE 2

I i
'SG nr .B | R | G B 1 3

i I
-CYCLE 1986 - 1987 ' 1987 - 1988 1987 - 1988 1987 - 1988 1987 - 1986 1987 - 1988-

# 1 )
INITIAL 6 max x/y | 6 max x/y 6 max x/y | Omax x/y 6 max [ x/y | 6 max [ wi y

LENGTH ( i n). { ( i n) ( i n) ) ( i n) ( i n) | ( i n)
i .

0.315 in 0.0787 1/3 -

| - 0 158 1/10 0.197 5/104 0.0787 1/3 0.158 1/12' 2

I
0.354 in 0.118 1/4 - - 0.118 3/9 0.158 | 3/60 (L 118 1/3 0.118 1/5 '

I
0.398 in 0. 0 1/1 0. 0 1/1 0.158 1/5 0.158 5/31 0. 0 3/3 0.039 1/4s

I
y 0.433 in - - - j - 0.118 1/1 .0.158 1/4 - - 0.039 1/1 1

I

0.472 in - ' - - - - - 0.118 1/5 0.118 1/1 - -

f 'i

0. 512 -i n '- - - - - ,[ -

{0.0787 1/1 - - - -
"'

CONCLUSIONS - for.139 cracks of a 0.354 i n, 6 max'= 0.158 in (10 cases-i.e. 7 %) )
for 132 cracks.of 0.315 i n. 6 max = 0.197 in ( 5 cases i . e. 4 . %) j

I
, x/y = ratio of number.of cracks with indicated 6 max, to total number of cracks wi th indicated
! initial length.

(a) not included -
SG R and G for cycle 86-87 (no inspection,in 1986)
all SG of Tihange 2 for cycle 86-87

|: ( no crack a 0.354 i n) >

SG 2-for cycle 87-80' |
|

j ~
cracks with an initial ler.gth 2 0.354 i n.

. The average propagation rate, for all SG of.Doel'3 (cycle 87-88), is-0.063 in based on 117
j
I

!
'

|

l '.j'

_ _ . , , , _ __. .--

._. _ _ _ _ - - _ . - - _ - - _ - - -
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TABLE 4-6

PLUGGING LIMIT FOR' SCC IN ROLL TRANSITIONS
SAMPLE CALCULATION

AIIAL CRALI3 IN 7/8" TUBE OF A TYPICAL PLANT

BEST ESTIMATE HOST CONSERVATIVE ESTIMATE i

WITH safety factor WITHOUT safety factor !

CRITICAL LENGTH Differential pressure Differential pressure

228 MPa - -i: (thru wall) normal accidental - TS =

(100 bar) '(178.5 bar) at 343'C I
|- UTS = 600 HPa 2

I l

|49 mm 25 mm 16.8 mm
}

TUBESHEET. REINFORCEMENT + 0 1 + 0 . mm ( * ) + 2 mm |
1

f 49 mm 25 mm 18.8 mm
su i-

SAFETY FACTOR 3 [2 1 !*
'

( on. length)

) 17.7 mm- t 6, 3 mm '

' '
y

.

!

16.3'mm 18,8 mm

: ADDITIONAL MARGIN ( *a) } .

sizing accuracy- - O mm - '1. 5 mm *'

propagation (1 cycle) -- 1.6 mm - 4. O mm

ALLOWABLE LENGTH '{ 14.7'mm 13.3 mm ;

Lowest of i
' '

y .i
13.3 mm .

Rounded off to ;

PLUGGING' LIMIT t4 mm I-'

|
(13 mm acceptable; 2'14 mm = plugged)

,

' -
-

'

_m -- __& >- ., r 3 _ _ _ _ _ _ _ ., _____-_1
' ' '
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TABLE 4-6 ( cont' d) ( British Units)

PLUGGING LIMIT FOR SCC IN ROLL' TRANSITIONS'

'

SAMPLE CALCULATION
AIIAL CRACKS IN 7/8" TUBE OF A TYPICAL PLANT c',

BEST ESTIMATE MOST CONSERVATIVE ESTIMATE.
,

WITH safety factor WITHOUT safety factor
i

CRITICAL LENGTH Dirrerential pressure Differential pressure. [
(thru wall) normal accidental y YS. 33 ksi - '=

(1450 psi) (2590 psi) | at 650*F
' UTS 87 ksi -=

1.-929 in 0.984 in 0.661 in
,

TUBESHEET REINFORCEMENT + 0 in + 0 in + 0.079 in-

i 1.929 in 0.984 in 0.740 i n
, ' w
' O
|_ SAFETY FACTOR 3 [2 1

| (on l e ng t h)

0.642 in 0.697 in
' '

v
,

0.642 in 0.740 i n
ADDITIONAL' MARGIN (**)-

.t

. sizing accuracy. - 0 'in- - 0.058 in
propagation (1 cycle) ~~ 0.063 in - O.158 in .. ;

ALLOWABLE LENGTH 0,579 in 0.524 i n
Lowest of

f 1

0.524 in ,

. Rounded off to ~ i .

PLUGGING LIMIT 0.551

(0.511 in acceptable; 2: 0.551 in= pl ugge d)
,

! -

.

. ;

, ___. -_. . ._ _ . _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ -
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TABLE 4-7 .

,J

PLUGGING LIMIT FOR SCC IN ROLL TRANSITIONS i

SAMPLE CALCULATION ,

i CIRCUHFERE.NTIAL CRACKS IN 7/8" TUBE.0F A TYPICAL PLANT
4

i i

! BEST ESTIMATE MOST CONSERVATIVE ESTIMATE ,

WITH safety-factor WITHOUT safety factor ('

!
CRITICAL LENGTH ' Differential pressure Differential pressure

,

(thru wall) normal accidental | -YS = 228 MPa ]
MPa ] at.343*C,'t( equiv. )

600(100 bar) (178.5 b a r) UTS =

unsupported [ 38 mm (223 degi 34 mm ( 19 4 deg) 31.2 mm ( 178 deg)

restrained.by TSP 57 mm -( 3 3 4 .d eo) 55 mm ( 313 deg) 52 mm-(297 deg)

SAFETY FACTOR 3 (2 1 I r

I
'

( on length)
,

e

-$ ,19 mm ( 11.1 deg) 3 8. 6 mm( 2 21 deg) I

!. ,v

lowest of 19 mm (111 deg) 52 mm ( 2 9 7 deg)- t
i

ADDITIONAL MARGIN j

sizing accuracy -- 0 ' mm (0 deg) - 1. 5 mm ( 9 deg)' i-

propagation (1 cycle) - 1. 6 mm ( 9. d e g) - 4 mm ( 22 deg)

ALLOWABLE LENGTH 17, 5 mm ( 102 . deg) 4 6. 5mm ( 266 deg) .
= '' !Lowest of y

17.5 mm i 102 deg) ''

iRounded off to
,

} !

18 mm (104 deg) !PLUGGING LIMIT.
l

to be plugged or' repaired - !| (17 mm, acceptable / .1 8 mm =
' -

4

'

_______._.__._____.______l________________:_.___'_~-_____'___m___1 _. _ __ -r-- --- 5 + - -""i __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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TABLE 4-7 ( cont * d) ( Bri tish Units) .c

PLUGGING LIMIT FOR SCC IN ROLL TRANSITIONS
'

SAMPLE CALCULATION
CIRCUHFERENTIAL' CRACKS IN 7/8" TUBE OF A TYPICAL PLANT

'

BEST ESTIMATE HOST CONSERVATIVE ESTIMATE' . i-
WITH safety factor WITHOUT safety factor ' i.

'

CRITICAL LENGTH Differential pressure Di f f ere nti al pressure|

(thru wall) normal accidental TS =.33 ksi y j
*

( e q ui v.. ) j at 6503Ft'
*

*

(1450 psi) (2590 i n) UTS 87 ksi J j=

unsupported 1.496 in(223 deg) 1. 3391 n ( 19 4 deg) 1.228 i n ( 178 deg) !
; . restrained by TSP 2.244 in( 334 deg) 2.165i n ( 313 deg) 2.047 in ( 297 d e g) {
' . ;

| SAFETY FACTOR 3 (2 1 j
(on length) i

'

I 5
g O.748 i n( 111 deg) 1.520 int 221 deg)

lowest of O.748 in ( 111 deg) 2.047 in (297 deg) {.
IADDITIONAL MARGIN i

sitting accuracy - 0 in (0 deg) - 0.058.in ( .9 deg) ' l
propagation (1 c ycl e) - D.059'in (9 deg) - 0.158 in ( 22 deg)

{
ALLOWABLE LENGTH 0.689 in ( 102' deg) 1.831 in ( 266 deg)

'
.

*

| Lowest of '
y

''
| O.689.in (102 deg) !-

"

Rounded off to i
i'

PLUGGING LIMIT 0.709 in (104 deg). [
I.

( 0. 669 -i n acce pta ble / 0. 709 i n ' t o be. plugged or repaired
- |

s

.

' 'T F ""
T _

" t _ l'____.-___m. - - _ _ _ _ _ _ _ _ _ . . . _ _
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1

BULGING FACTOR'"m"

t

m

/
-----Y 1 + 0.5 A ' .( FOLIAS) /

'
2

;
9 ' ----- V1. O. 387 A - 0.00129 A'' ( SCHULZE )2

'

-1.25 A /
0.614 + 0.386 e 40,481K( ERDOGAN )

8- /
*

, MJMERICAL VALUES (KRENK)
,

a

/
'

6-- j
' --

j ,p-

'
e N

/ g-

' Kl'
s4 , ,

' \
/

\/ /
# \3 - f

2 "' ( '\dy
WHERE A = 12tt Y l --- .\,

|R
2 , / \ |

d s Persson's ratio g

C 2 Hotf crack length i
l' R * Pipe treen radius i

It : Pipe thekness
2 4 6 8 10 12 14 16 ,13 i

g A
,a.

.

* % .
, ,

O t 2 3 4 5 6 7 8 9 0 C

.YR.t.
,

Figure . 4 1
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1

BURSTING PRESSURE PREDICTION BY USING

THE " NET SECTION COLLAPSE CRITERION"

,

U f !U f'

I
l'

__ ;

I"
t

. . _ _ _ _ . _ _ _ _ . _ _ . _ _ _ _ _ _

/ -s ,

's 4/ , ,

\ / _

- .. v ._ ._ . . .

- .

/ ~ NEU"RAL~~ '
AX |S. -

.=
_ _ . _ - . _ - . _ . . _ _ . _ _ _ _ _ _ _ _ . .

,

|=
1

ECR 2 COS -1 (SINor) - -m
, =

Uf #6 2 2
,

,

!

Figure 4- 2

1
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1

n. SHAPE FACTORS FOR
.77 CIRCUMFERENTIAL CRACKS.-

22 2
* -- 0: -( Free tube. 1

(orc cos sin 4 _ d_ ).

; . 21 __ 2 _2

$ 20
_

> w~
19 - n: 2

ff ( arc cos sin 4 - K d)gg~~
2 2

,:

I7- d (I L }#8ma x,
n

I
,

- When accounting for the cons tr aining
effect of the F08,

g

i

14
_

"

13j _

12
,

-

, _ \ Free tube.11

i 10 -
!!
1

' 9
_

8

}

_

,

7
,

._.

,
6

1_
_ Restrained tube.

i 5
i

130j.J<170*' ~ ~ ~ . -
- *

Restrained tube _j-
~' '

, . . .

_ y.s # p*W
130*3

_ ,, / p . ,

g4
'

, , _ , .
'

2 __

.-

I

| | | | | I I I

60 70 80 90 10 0 110 120 130

13 0 140 15 0 160 17 0 crack hatt angte -

Figure 43
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CRACK SIZING METHODOLOGY

5.1. INTRODUCTION )

i

l

The development of a multifrequency eddy current technique using a' 'l
I

rotating pancake coil ( RPC) answered the need f or . improved ]
detectability of the small axial stress.corrosica ceacks ( SCC)

observed wi t hi n the roll. transitions. As a side effect, the

measurement of the crack length and of the number of indications
.

1

wi thi n the same cross section provided a powerful tool to study the .1

evolution of the primary water stress corrosion. cracking ( PWSCC)
'

phenomenon. After the shot pe e ni ng operation at Doel 3 and Tihange 2,

these parameters showed that the growth of existing cracks was no'

stopped by the pee ni ng. As plugging li mi t s based on the crack length

were established, the use of the RPC shifted from an expertise mode to-

a production node. .The' accuracy of the length measurements became ;j.

more important as it-had a' direct influence on the maximum allowable -j

1. crack length.
u

The qualification of-the RPC method i ncl uded . de te rmi ni ng the accuracy

of the length measurements. The initial qualification was based'on' d

elect rical discharge 'mechi ned ( EDH) notches. The calibration curve 1

was established f or ral sti vely long EDM defects (ranging f rom 5 ' to 15
nm- 0, 2 to 0.59 i n) with a large signal a mpl i t u d e.' .It was applied

between 1984 and 1986.' During the in-service' inspection of Doel : 311 n- ]
July 1986, two tubes were selected from the RPC' data and pulled. Prom $

the B steam generator. The 'metallographic .exami nation provided the
<1

first comparison between eddy current results and actual; defects. Two ;)

main 1 conclusions were obtained '!-

'the RPC was unable to detect some small' SCC ' cracks ( < 2-mm-
0.08 10) .-

I . .. |

the RPC was undersizing the SCC length '( as measured on I D) .i
by an average .va l u e of 1 mm ( 0. 0 4 i n) .

|
,

r
-

||
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The rules used to measure the crack length were modified to remove:the

systematic error observed for the SCC length range of the. pulled 1 tubes

( 33 data points). These rules were applied to the i n-s e r vi c e

L inspections since 1987 and to a retroactive analysis of inspection
~

data ( back to June 85). It is important to note.that the

{. relati ons hi ps between the eddy current length and the actual length
.

are different if the reference defects are EDH notches, laboratory

defects or actual plant SCC specimens. These~ differences are the
U consequence of the1 complex relationship between the crack morphology-
5 and the magnetic field produced by the. coil. This rel'ationship can.be

described as the convolution between the coil response in the presence'

of an infinitely small defect and the response for a infini tely small

eddy current field to a crack. The main variables that influence the

RPC response will be

' the width and penetration depth of the pancake coil detection
area.-

the crack profile as a function of the tube wall thickness.

the difference in lengths on the ID and OD of the tube,

the width of the crack opening.
,

; Although the width and penetration depth of the magnetic. field
|'
l' produced by the coil can be controlled to some extent, the other

parameters are unknown. The probe design was optimized to obtain a'

small magnetic field both axially and tangentially to the coil tip.

The calibration was performed on actual defects observed on the-two

pulled tubes in order to minimise the influence of the unknown crack.

parameters

Three parameters were initially studied - the length, the depth and

[; the number of signals within the same crous section. Although an eddy-

|.
'

current phase angle to defect depth could be established for EDH

notches, laboratory results on artificial SCC cracks indicated that '

the EDM calibration curve for depth measurements was not'

; representative of the real penetration. Also, on site inspections
'

p showed most cracks-to be through-wall, For these reasons, the SCC-

depth was assumed-to be 100 % through the tube wall for all' axial

defects detected in the roll transitions,

,

t
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The detection and sizing of circumferential cracks was not a concern

because only longitudinal SCC was expected in the kiss and hard rolls

confi gura t i ons, However with the increased operating time of these

plants, 'the possibility of circumferential SCC may increase. Several

developments are currently under way using both eddy current and
'-ultrasonics in order to detect and to measure the azimuthal length of

circumferential flaws. Some prelimi nary measurements performed in the

laboratory and on site with ultrasonics indicates'that a G-t

industrial Inr.pection can be developed.

The fo11091ng paragraphs detail the qualification results for
,

longitudinal SCC in terms of accuracy and reproducibility, EDH

notches were used for the laboratory study of the reproducibility of-

the posi tion and length measurements (1984). Actual SCC cracks

obtained from pulled tubes in July 1986 (Doel 3) and July 1987

( Doel 2) were used to-demonstrate the length measurement accuracy.

All the measurements were performed with.the same equipment and
'

procedure that were used during the 100 1 RPC iaspection of Tihange 2

( February 1988) and.Doel 3 (June 1988), as described in Section'6.

Laboratory examinations were performed from the trailer using the

polar manipulator installed into a steam generator mockup in order to
' simulate as close as possible the on site conditions. It was

considered necessary to repeat the recording of the EDM notches >

h because of the signi ficant changes in hardware and software since
i

1984.

>

5. 2. STUDY OF THE ACCURACY AND REPRODUCIBILITY OF EDH NOTCHES'
4

Procram
.

Fivo parameters were studied the. position and length of the defect,

the number of signals within the same. cross s e |, ' i s n , their amplitude
'

- and their phase to depth relationship, The signals-were also analysed

to determi ne the detectability and the.importance-of the dynamic. range

for the eddy current instrument. The measurements were performed on a,

set of EDM axial and circumferential notches, summarized in, Table 5-1, j,

The length ranges from 1 mm to 25 mm ( 0. 0 4 'i n to ' ' i n) a nd the number

of EDM notches from 1 to'6 in the same cross section. The notchidepth

ranges f rom 10 %'to 100 % through the tube wall thickness.,

5-3 I
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Detectability A n_d Dynamic Range

The. detection of the EDM notches can be studied as a function of their

length and penetration depth. It appears that the mi nimum detectable

penetration depth has to be d e fi ned as a function of the length, the

width and the initiation side of the defect. The minimum detectable

depth for external ( OD) EDH notches ranges from 80 % for a i mm

(0.04 i n) notch to 40 % for.a 25 mm ( 1 i n) notch with a 1. mm ( 0. 0 4 i n)

width. These values for internal (ID) defects are 80 % for a.1 mm

notch and 20 % for a 2 5 mm ( 1 1,n) notch wi t h a 1 mm -( 0, 0 4 i n) width.
Also, all ASPE nLandard defects ( which are largo volume defects) were

casily detectad and sized. It should be pointed out that the

amplitudes of the signal for EDM Claws of 100 % depth are three to

four times larger than the greatest amplitude observed s'o far in steam

generators. The amplitude ratio of the majority or SCC riaws to the

RPC calibration defect (longitudinal through wall notr.h of 25 mm

(1 i n) l eng t h) is approximatively - 30 dB and decreases for the

smallest detectable signals to - 45 d B.

It should be noted that the coil has been designed to optimize the

accuracy of the crack length measurement. To this end, the coil
' diameter respective to the ferrite coil diameter was held as small as

possible. It produces a smaller EC rield which improves the re s ol vi ng

power. As a. drawback, this technique reduces the detectability'ror OD

cracks and modifies the phase to depth ,relati ons hi p.

Accuracy ind Reproducibility

Position Measurement. Two series or tests have been performed using.

!L the setup presented i n Figure 5-2. Tube number 69237 was probed

sequentially 25 times f r om top to bottom.- The tube position was

reversed and probed again another 25 times. The correct position of
,

|

|
the defects on the' mockup was measured manually before and after each

,-

| sequence. Figure 5-3 summarizes the results. The reproducibility for

locating known defects is +/- 1 mm ( 0. 0 4 i n) for.97.5 % of the

i measurements These results indicate that locating defects is precise

enough to use an automated analysis technique to measure defect

growth.

Lenoth Measurement. These measurements were performed on the full set

of EDM longitudinal flaws using the " actual SCC" length analysis rule.

The length of the longest notch in each cross section was measured by

5-4
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the analysis software. Shorter flaws were not taken into account.

This sequence results from the use of the normal on site software

which reports only the length of the longest SCC crack. The length is

always measured axially to the tube.

As expected from the " actual SCC" calibration, the length estimations

for EDM notches are oversized from 1 t o 5 mm ( 0. 04 to 0.2 i n) as a
function of the defect amplitude and shape. .It is important to' note

that the length analysis rules were defined for the defects observed

in two pulled tubes from Doel 3 with amplitudes ranging from 0.050

: volta to 0.650 volts. The length measurement is based on a fixed

threshold that does not take into account the influence of the defect

end ( abrupt for EDM and smooth for SCC) or its amplitude. Thus, the

over or undersizing effect will be a consequence of the defect

morphology. As a result, the analysis rules have to be determined as

a function of the signals and defects observed in the steam generator

tubes. The reproducibility of the length measurements is shown in

Figure 5-4. It can be observed that the error is wi t hi n i 1 mm.

(0.04 i n) for 99 % of the measurements.

Number of Sionals on the Same Cross Section These measurements were

performed on the full set of EDM flaws. The overestimation of 1 to 3 |

notches resulted from the large amplitude of the RDH notches that

. produces small signal overshots after signal processing. These

overshots are large enough to trigger the signal counter. The same

situation does not occur for real SCC defects.

Amplitude Measurement. The same measurements used for the study of

the defect position accuracy (longitudinal and circumferential

notches) provided the information for the study of amplitude

reproducibility. Although'the signal amplitude is not useful for'

sizing SCC cracks, its reproducibility has an influence on defect

detection, The distribution of'the largest amplitude in each cross

section measured wi th the analysis software is shown in Figure 5-5.

The software reports only' the amplitude of the most significant .

indication. LThe reproducibility;is +/- 4 % of the amplitude for 98.%

-of.the s a mpl e .' This value is- strongly af fected .by . the rotationnal

noi se- produced - by the. mi salignement between the ' test' tubes- ( 200 mm
l e ng t h) and the test bench. The probe centering devices are located'

5-5
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85 mm apart which results in the EDH notches'being measured while the

probe upper and lower centering wheels are located .in different tube

; parts. The amplitude reproducibility is therefore much better duri ng

on site inspections where such misalignment does not occur.

Pepth Heasurement. The complete set of tubes was analysed in order to

determine the eddy current phase to defect depth relationship.

Figure 5-6 shows the curve obtained for EDM longitudinal defects. The
phase was measured manually because the software used for on site

inspections does not provide this function for-the RPC analysis. The

phase was measured only for the defects that are longer than.the

magnetic field created by the pancake coil in order to reduce the

uncertainty. As it appears from these results, the depth of defects

longer than 10 mm ( 0. 4 i n) can be estimated from the eddy current

| phase angle with an accuracy of +/- 20 % at 240 kHz a nd + / - .10 % at

j 500 kHz. The reproducibility of the depth estimations for EDH notches

relies on the accuracy of the phase measurement and the signal to

noise ratio.

5. 3. STUDY OF THE ACCURACY AND REPRODUCIBILITY FOR ACTUAL CRACKS

Erocram
This study ic based on three tubes

,

( tuo pulled tubes from the B steam generator of Doel 3 which
wete analyzed by RPC and metallographic examination

,

one pulled tube.from the A steam generator of Doel 2 which,

'

was analyzed by RPC, vi n ual examination and dye penetrant.

The tubes from r;oe l 3 are hard rolled for the full length of the

tubesheet wi t) a final kiss roll; they show only PWSCC in roll

transittors. The tube from Doel 2 had a partial depth hard roll for a

4 length of 70 mm ( 2. 75 i n) from the bottom of the-tubesheet. It.has
two types of defects pWSCC on the roll transition area and=one

secondary water stress corrosion crack ( SWSCC) at 6 0 mm ( 2. 3 6 i n)

above the roll transition.

Four parameters were studied - the length,.the number of signals along<

the same cross section, their amplitude and their' phase to depth J
~

relat, M- ?. The signals were also analysed to determine crack |
I
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detectability. A representativo sample of Doel 3 and Doel 2 cracks

is summarized in Tables 5.2.1 to 5,2.3.

For the Doel 3 tubes, the ID lengths range from 1 mm to 11 mm ( 0. 0 4 in

to 0.43 i n) , the number of cracks from 20 to 22-along the same

transverse cross nection. Their depth and the amplitude range

respectively from 63 % to.100 % through wall and from 0.050 volta to

0.650 volts. As the Doel 2 tube has not been exami ned destructively,

only the indications observed from the ID and OD dye penetrant tests

can be used. The ID lengths range from 3.3 mm to 13 mm ( 0.13 in to

0. 51 i n) , the number or cracks ranges from 1 ( SWSCC de f ec t)' to 10r-

.(roll transition area). The depth is 100 % penetration for all-the |

|

PWSCC defects.

DetectabiliLy and D yna mi c R a gtgg

The detection of actual SCC cracks can be ntudied as a f unc ti on or .)
1

their length and penetration depth. Tables 5. 2.1 to 5. 2. 3 indicate I

the results obtained for each flaw.

The mi nimum detectable depth for external cracks cannot be estimated

as the actual crack depth of the SWSCC is not known. The PWSCC

defects that were not detected by RPC are between << 1 mm a nd it 0 mm
}

(0.04 in and 0.08 i n) long with penetration depths between 71'% and j

100 %, Also, the two circumferential defects or 51 % and 53 % depth l

and an arimuthal length of 1. 5 mm and 3. 5 mm ( 0, 06 in and 0.14 i n)

were not detected. A close examination of the crack locations along- ~ )

the tube circumference (Pigures 5-7a to c) shows that several cracks
1

are clone enough'to produce a ningle eddy current s i g n a l'. For tube R23 |
i

C23, this is the cace foe the cracka 8/9 10/10', 11/12/12' and

16/17/17' In particular, the two circumferential cracks are included

in the signal produced respectively by the longitudinal defects

11/12/12' and 16/17/17' The same situation occurs for-cracks 2/ 3/ 3' ,

7/8, 11/12/13 and 15/16 of tube R27 C52 and 10/1 of tube R13 C30. Th i s --
phenomenon results from the eddy current detection field being about~
or 5 mm in diameter. For asnon optimized coil' design, the diameteraor

influence can exceed 10 mm further reducino the resolving power of the

RPC probe. These results indicate that all defects with 100 %

mm lead to alength greater than 2.0penetration depth and a

detectable signal.

.5-7
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fe.:uracy and Reproducibility'

Position Heasurepent. Position measurements were performed only on

the Doel 2 tube. Three inspections of the same tube were analysed in

order to determine the accuracy or the position measurement. The
a

accuracy and the reproducibility of positioning are within +/- 1-mm

(0.04 i n) .

t Lenoth Heasurement. The study of the accuracy of the length

measurements was performed in 1986 on the two pulled tubes from Doel 3

(see Fig. 5-8). This led to the interpretation rules used since 1987

The results for the Doel 2 defects were determi ned using this

calibration curve. 'a' h e length of the longest crack in each cross-
i section was measured by the analysis software. The other cracks were

measured manually using the same rules. This procedure was required i

since the on site software reports on13 the length of the longest SCC
l crack.

The results of the comparison between real and measured crack lengths
| are shown on Figure 58. The regression line is given by RPC length =

- 0.123 + 0.981 * ( ID crack l e ngt h) with a c.irrelation coerricient of
-

0.882. The analysis of the errect of the crark profile on the RPC over

or underestimation indicates that the'crror is mainly a function or -

the dirrerence between the OD and ID crack lengths
3.-

] the profile between the OD and'ID crack extremities

the presence of two or more cracks close enough'to produce a
single RPC signal.

I
)

The overestimation was already observed during the measurements of EDM

notches with rectangular profilen. As an example, the overestimation
|

can be seen on the PWSCC crack 12 of the tube R27 C52 ( Figure 5-9). '

8

However, triangular or trapezoidal profiles will produce an

underestimation of crack length as can be seen for cracks 7 of tube
.

R23 C23 and 6 of tube.R27 CS2 ( Figure 5-10) . As a confirmation, for

the Doe 3 2 tube ( R13 C30) where the OD length or the' cracks is close

to the ID length ( di rrerence of 1, 5 mm ma x (0.06 i n) ), the'RPC-
underesti mation of the ID length never exceeds i mm. As a. consequence

or both Doel 2 and Doel 3' tube e x a mi n a t i o ns , the RPC sizing accurac'y
margin has been considered to have a maximum value of 1. 5 mm

5-8
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-( 0. 0 6 i n) , This value is conservative as the average length of an

actual PWSCC riaw is less than the maximum length measured on ID.

Consequently, it more than adequately covers any structural concern.

Number or Sionals in the Same Cross Section. Tables 5.2.1 and 5.2.2

summarize the number of signals detected by the software on the same
#

cross s e c t i o n. It appears that this value underestimates the real
,

number or defects for the Doel 2 and 3 tubes. Two reasons explain

,1 this obnervation . the small volume of SCC cracks and the integrating

errect of the eddy current field. Some very small defects of the Doel

3 tubes not detected by eddy current, radiography and visual t e s t i n g --

were only detectable after.the tube had been riattened. As the eddy

current field has a radius of 2. 5 mm ( 0.1 i n)- at the detection
'

frequency, it will integrate the influence of cracks that are closer

f. than this distance. Consequently, although the study of the number or ~

signals along the same cross section provides useful information about-

the increase in number of SCC cracks, it has to be considered as an

underestimation of the actual progre s si on.

Amplitude Measurement. From the comparison or several hundreds or
;

repeated records in Doel 3 and Tihange 2, the reproducibility of the
; amplitude measurement is better than 0.05 volts for 90 % or the

;g sample. In most circumstances, the dirrerence results from the

i nfl ue nce of the probe lift-off during the rotationnal movement.

Depth Measurement. The PWSCC defects that were detected in the pulled |,

tubes show a 100 % penetration depth. The same observation can be.

obtained from the analysis or the 100 % inspection of all steam

generator tubes of Doel 3 and Ti ha nge 2. .Therefore,.since the crack
,

4

1. .
. \

L length and amplitude influence the phase / depth relationship, it has

i been considered that this information was not sufficiently accurate to'

be usefull for the SCC exami na tion. This conclusion about the RpC

capabilities to size the depth of defects is only trueIror small

length and small volume defects like PWSCC. Accurate depth
j- measurements can be obtained for wastage or wear. O

I

5, 4. CONCLUSIONS

This work had the objective of defining the detection capability, )

accuracy and the reproducibility of the multirrequency addy current- /

5-9
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method using a rotating pancake coil for primary ' water stress

corrosion cracki ng in roll transitions. Two typer of defectn were

used : EDM defecto and actunt cracks from pulled tuben. A'rirst

observation in the significant dirrerence between EDH defects'and real

SCC cracks. The EDH notch resulta have been restricted to equipment

calibration and nignal reproducibility. The results or RpC

measurementa using EDH defects should not be used for the

qualification of either t ho detectability or cracka or the accuracy or

the len.Jth estimates.

The RPC method la able to measure with a good reproducibility the

length (*/- 1 mm - 0.04 in), the amplitude (*/- 0.05 volta) and the

position (+/- 1 mm - 0.04 i n) ) of SCC flaws. Defects longer than

2. 0 mm (0.08 i n) and with 100 % penetration depth showed a 100 %

detectability. For smaller defects, the mi ni mum si gnal to noise

ratto, which depends montly on the crack shape, durines the detection

threnhold. Again, 10 one considera EDH notches which are large volume

ri a ws, detectability limita can be expressed in terms of 20 % ( ID) to

40 1 ( OD) penetration depth. All ASHE standard defectn, which are

large volume defects, were easily detected and sized. The good

reproducibility of the ampl i t ude' meas urement s indicaten.that the $

detectability will be fairly constant. This conclusion'han been

confirmed from on site data where the percentago or very small defects

that "dinappear" between two consecutive inspections in-less than

0, 5 %.

The measured number of cracks in the same cross section should be

considered an an approximate indication of the actual number of'

cracks. This is becaune dereets up to 2.0 mm ( 0. 08 i n) may not'be

detectable and two or more closely ~ spaced cracks can be integrated

into a single nignal. Nevertheless, the RpC-method-constitutes an

erricient tool to study the PWSCC progression.

The length estimate constil'utes.the main objective-or the i ns pe c t i on;

It has been confirmed that the technique la optimized for the-

measurement of l o ngi t ud i nal PWSCC cracks between 2 and 15 mm ( 0. 08 and
' - 0. 6 i n) . .The reproducibility of the length measuremonta has been. ,

1

demonstrated wi t hi n + / - 1 mm ( 0. 0 4 - i n) . It has been confirmed from on .]
nite data where the percentage or defects with an apparent length ;

5-10
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decrease ( not exceeding 1 mm) between succeanive inspections is less

than'5.%. The accuracy or the langth estimates can be expected within

+/- 1. 5 mm ( 0. 06 i n) oi the ID real crack length. The error in length

estimates results from the crack morphology in terms of prortle

( rect angula r, triangular or trapezoidal shapes). respective ID to OD

lengths and-the opening of the crack. - A n opti mi zed c o i'l design with a

small eddy current field taxially and tangentially to the coil tip)-

associated with a calibration curve established from actual defects
,

minimizes the influence of the unknown crack parameters'on the EC

length measurement.

,

4

I

a

I

l

a

<

_ .

.

-
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fTABLE 5.1
;

EDH notchen (1)
4

* Notches

Tube # type length width depth
( 3) origin ( mm) ( mm) ( 4) Nr. Remarks

( %)

57.969 L OD 25 1 40 1
,

L ID 25 1 20 14

58.712 TWH 100 % 4 1.25 - 100 4 ASHE-tube from
'

FBH OD $ 4.82 - 19 4 LABORELEC
FBH OD 4 4.83 - 41 1

FBH OD 4 2.85 - 64 i.

FBH OD $ 2. 2 - 82 1

TWH 100 % $ 1.72 - 100 1

cross r.uction69.237 C 100 % 10 0. 2 100 1

} same
<

#

C ID 15 0. 2 80 i
L 100 % 25 0. 2 100 1

L 100 % 15 0. 2 100 i same cross section
L 100 % 10 0. 2 100 1

-

l. L 100 % 5 0. 2 100 i
L 100 % 2 0. 2 100 i same cross section .

L 100 1 1 0. 2 100 1
-

cross noctionC 100 % 5 0. 2 100 1

] sameC 100 % 2 0. 2 100 1

'
69.777 L ID 25 0. 2 40 4

L OD 10 0. 2 20 6

L ID 25 0. 2 60 2
;

69.778 L ID 25/26 0. 2 10 6 (see Fig. 5-1b)
i L OD 2 0. 2 10 1 -

L ID 25 0. 2 80 1 -

69.760 L ID 25/31 0. 2 80- 1 -(see Fig. 5-1b)
L OD 2 0. 2 40 4 -

L ID 25/29 0. 2 60 2 (see Fig. 5-i b)

!

69,781 L OD 10- 0. 2 40 4
i-

69.782 L OD 10 0. 2 60 2

i 69.-785 L ID 10 0. 2 80 1 -
1

|- L OD 25/28 0. 2 20 '6' (see F i g. 5-1b)
L ID 10 0. 2 60 2 -

..

5-12
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TABLE 5.1 ( conti nued)

Notches.;

Tube 4 type length width depth
I ( 3) origin ( mm) ( mm) ( 4) Nr. Hemarks

( %)
,

69.788 L OD 25 0. 2 60 2 -
4

L OD 25/31 0. 2 80 1 ( see - Fi g. 5-1b>
L ID 2 0. 2 20 6 -

69.789 L OD 25 0, 2 80- 1.

L ID 2 0. 2 20 2

'. 69.792 L ID 2 0. 2 80 i
L OD 10 0. 2 80 1

76/001 FBH OD $ 4. 8 - 20 4 ASHE tube from,

FBH -0D 4 4. 8. - 40 1 WFSTI NGlIOUSE ( 2)
FBH OD 4 2. 8 - 60 1

FBH OD $ 2 - 80 1

TWH 100 % $ 1. 7 - 100 1

z. .

cross section84/004 C ID 5 0. 2 10 1

} same
.

C ID 5 0. 2 20 1

} aame cross sectionC OD 5 0. 2 10 1

C 0D 5 0. 2 20 1

cross nectionC OD 5 0. 2 40 1

} sameC OD 5 0. 2 60 1

{same cross sectionC OD 5 0. 2 80 1'
C ID 5 0. 2 40 1 -

cross.sectionC ID 5 0. 2 60 1

} sameC ID 5 0. 2 80 1

'

cross section84/006 L ID 1 0. 2 10 1

] sameL ID 1 0. 2 20 1 -

cross sectionL OD i 0. 2 10 1

} sameL OD i 0. 2 20 i

cross sectionL OD 1 0. 2 40 1

}.same
,

L OD i 0. 2 60 .i
'

}1same cross'section
[..

L. OD 1 0. 2 80 1

L ID i- 0. 2 . 40 i

sectionL ID 1 0. 2 60 1

} same. crossL ID 1 0. 2 80 1

s

-

..

.

d

"
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IAHLE. 5.1 ( conti nued)
;-

Notchen
___

Tube # type length width depth
( 3) origin ( mm) (mm) ( 4) Nr. Remarks

( %)

. 84/007 L .I D 5 0. 2 10 1 cross section} same
,

L ID 5 0. 2 20 1

L OD 5 0. 2 10 1 } same' cross sectionL. OD 5 0. 2 20 1

L OD 5 0. 2 40 1 } same-cross sectionL OD 5 ' O. 2 60 1

L OD 5 0, 2 80 1, fsame crosa sectionL ID 5 0. 2 40 1

L LI D 5 0, 2. 60 1 section} nome. crossL ID 5 0. 2 80 1

;
- --- ~_.

. (191t9LqLLema r k e '

(1) Except for tube 76/001, all notchen and holes (flat bottom or

through wall) are electrical discharge machined.
,

( 2) Holen of tube 76/001 are drilled

( 33 The notches are

- L: longitudinal

C circumferential-

The holes are

i - TWH through wall hole

; - PDH riat bottom hole

( 4) . Except for tube 58712, all'the depth values are only theoretical

values,

n.

'

!

I

; - -5-14
;

4- $ W y -- (' ,-y ,_ - ub- .gr p w- ,rev-- _e- en we , e aw-,a w .--_y-ww w wyww, e. - -- e



. _ .. . .._. _.. _ _ . . , _ - - - . . . . . . _ , m_.._ . . . , . _ _ . _ _

|

Table 5.2.1

COMPARISON OF EXAMINATION RESULTS

Doel 3 ( tube Ra3 C23)
4

?
_ ._ . . _ _ _

EdF n Length ( A A) Depth ,LE d EC Remark
( *) % (^) length

,

Visual ID OD

i
1 4 5 4. 5 - 79 10 3 {

-

r ? j

i .

| - ![ !i 2 | t 9 } '
,,

. II

I

3 5 - - - 8 5 -

i '
4 6. 2 - - - 7 5 -

;-

5 6. 3 - - 100 6 5 -

6 3 3, 2 - 79 5 4 ' - i

7 7 6. 5 3 200 4 4 -. ).

8 7 7. 2 1. 5 100 3 7 -

I (8.+ 9)
9 4, 5 4. 5 - 79 3 -

10 5 4. 9 - 82 2
I(10 + 10' )

10' 7 7. 2 - 90 2 Sto in -

11 5 - - 79/53 '11 -

(+T
1. 5) E ( 11 + 12 +. 12 ' ) '

12 5 - - 86 1 11
[ 12' 7. 5 - - 94.5 -

13 4, 5 - - - 12' ( 37) + 1

14 8-. - - - 12 5

~ 15 6 6 - 86 11' ( 47) +1
.

16 3 - - - 11 5
.

' 17 ' ) ., ' 17 +E(16 +

- - 63/51 1117 3. 5 .T
17' - - C - 11 -

* identification numbers d i r re r b'etwee n L ABORELEC ( LE) land'EdF
(destructive e xami na t i on)

'

** measurement by ' dest'ruc t i ve e xami na t i on !
vi s ual ID surface or sectionned half tube

} (f rom metalogra phic e xa mi na t i o nsID.

cross sections or opened cracks)'OD

-5-15
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Table 5.2.2

COMPARISON OF EXAHINATION RESULTS
Doel 3 .( t ube R27 C52)

EdF # Lengt h ( ^^) Depth LE B EC Remark
(*) % (*) length

Visual ID OD

1 1 0. 2 - 71 HD - -

2 1. 5 1.1 - 94 - -

3 2 1. 5 - 94 6 2 E(2 + 3 + 3')-

3' 1. 5 - ? -
-

4 1. 5 1. 2 - 71 HD - -

5 5. 5 - - ? 4 5 -

6 9 9. 2 5 100 3 8 -

7 7. 5 - - 100 -

2 8 2 cracks
8 2. 5 - - ? - E(7 + 8)

9 2 1. 7 - 87 ND - -

10 8 7. 7 5 100 1 8 -

11 2 - - 7

12 4 3. 6 2. 8 100 10 5 E (11 + 12 + 13)

13 2 - - ?

14- 5. 5 - - ? -9 5 2 cracks

15 1. 5 - - ?

8 5-6 I(15 + 16
16 6 6 3 100

17 5. 5 - - ? 7 3 -

? ND - -18 < 1 -

? ND - -19 < 1 - -

20 < 1 - - ? HD - -
.

? HD - -21 < 1 - - - -

identification numbers' differ between LABORELEC ( LE) and EdF*

( den t ructi ve e x ami na t i on)
** measurement by destructive- examination |

visual ID' surface of sectionned hair tube.. ,

examinationsID
} (Prom me t alographi c.

c r o s r. sections or opened cracks)OD,

.
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TABLE 5.2.3.

COMPARISON OF EXAMINAT.10H RESULTS-

DOEL 2 (tube R13 C30)

DATA VISUAL LENGTH EC HEASURED REHARK
*

0 mm LENGTH
mm

ID OD ,

1 13 12 15
4 .

'

2 8. 5 7. 9 8

3 6 (?) 5. 7 6

4 6. 3 5 6

5 11 9. 5 10

6 10.5 8. 9 10

7 8. 9 7,1 9

"
8 8 6. 9 9

9 7, 5 - 8( ?) 8. 4( ? ) 9

10 3. 3 2, 8 - . ..is s oc 1 a t e d w i t h 4 '1
I

,

|

-|

|

1

1

!

4

4
'

5-17
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TYPE OF NOTCHES.

I

E
LENGTH $

,

/////////////Y / f/

Figure 5-1- a Normal notches.
J

LENGTH 2'

.
| LENGTH 1

//////////' s

Figure 5-1-b Special notches.

Figure 5-1

|
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TEST SETUP.

_

UPPER GUlOE TUBE,

;

TEST TUBE
e

LOWER GUIDE TUBE _
V

i ; ;

i

CHANNEL HEAD. POLAR MANIPULATOR

/ |
'

i

MANWAY

NSG MOCKUP

RPC PUSHER PULLER -

N _

j

-

-|

% -

.

Figure 5-2
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T 30-- 30+ 30~

$.
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20- 20-- 40 20-

32
24,5 27
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|
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EDDY CURRENT CAllBRATION CURVE.
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Section 6

ECT INSPECTION TECilN100ES

6 ., 1. I NT RO D t!CT I ON
,

'

The riald a p p l i c a t. i o n o f the rotating pancako-coil ( RPC) . was focuned

on the study of the growth of PWSCC betwoon 198-1 and 1987. Tube

sampli ng duri ng this period i ne r e,in e d from a row t a tm n to.1500 luben

in some steam generator.1. The methodology and the equipment were
I' improved so as to reduce the inspection time below two to three days.

!, - When i t appeared that shot-peening had not stopped the length increase

or extnting cracks, the application of the rotating pancake-coil ( RPC)

technique increased towards a 100 % inspection of the top of the

tubenheet in order to allow the implementation of a plugging limit
'

based on crack longth. The acquiant. ton and analysta proceduren and the
4

equipment had to be modified to be able to perform the inspection or

one steam generator within two to three dayn,,

This optimt und RpC syatem was rtrat applied in February 1988 in

Tihange 2. The plans for inspection resulted in the simultaneous i

examination of two st eam generatora rollowed by the inspection of the

third one. The inspection team performed the complete operation in 6

days and-10 hours (includi ng equipment i nstalla tion ' and removal) . Each

steam generator was inspected in lean thana65 hours, The second

inspection was performed at Doel 3 ( July 88) f ollowi ng the same

nequence. The operation was complet'ed in less than six days. Each

nteam generator was inspected in lens than 60 houra ( i ncludi ng

equipment installation and removal, as well as performance of.the
'

final analysis and preparation of the preliminary report),

6, 2, SYSTEM PHILOSOPHY '

The NDE equipment la made up of three main parts , data. acquisition,
t-

data analynia and data management; A. mobile trailer contains the

equipment to perform.the simultaneous inspection or two steam

4

6-1 ,

,- .,_ ., . - - . - , _ , . - - _ . _ . _ _ _ . _ . _ _ _ . _ , , , _ . _ _ . . - , _ - _ . .



. . .

L
i

s

f. .

/ generators ( Figure 6-1), (1). C ur re n t l y, two trailers are operational.

.I When linked, they allow the simultaneous inspection of up.-to four-

steam generators. Permanently installed electrical cables connect'each
steam generator platform to the trailers ( Figure 6-2), Several

computers control the acquisition and the analysis sequences. There is
nearly no human intervention except for maintenance and final signal
interpretation. This Computer Controlled Measuring System ( CCHS)
provi d es the high inspection efficiency as it integrates each task
within a common flow chart ( Figure 6-3)

the data base is used'to select the tube sampling; _

the tube sequence d e t e rmi ne s the manipulator displacements;

the quality of the RPC data is checked before . each recording;
.

each record is immedi a tely analysed;
.

the diagnostics'are compared with the data base to determine
defect e vol u ti on.

Each task is performed automatically using either microprocessor

control or high performance desktop computers.

6. 3. DATA ACQUISITION

The data acquisition system'contains the electronic and the mechanical
units needed to drive the manipulator and the probe.

Figure 6-4 shows the mai n components of one data. acquisition unit.
The rotating pancake coil arrangement is made of two ferrite. cores

with an impedance match to minimize the differential residue both in
temperature and in lift off effect. Probe c e nt e ri ng is performed at-

t wo di f f erent levels with.three retractile wheels while the coils are
spring loaded against the tube surface ( Figure 6-5). The large

diameter variations between the unexpanded.and expanded (in out-of

tolerance holes) tube sections (from 19. 2. mm ( 0. 76 - i n) up to 23.0 mm
( 0. 9 . i n) ) req ui red a contacting coil pri nci ple.

.
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more accurate. This problem'was solved wi th the addition.of a

complementary degree of freedom to the probe injecti on mechani sm.

Several other_ pieces of equi pme nt were optimized in order to reduce'as

much as possible the need for human intervention during the

_
acquisition sequence ( i ns tallati on, maintenance and me a s ureme n t) .

Installation

Installation of the polar manipulator requires.one entry in the

channel head for approximative1y 2 to 3 minutes. Afterwards 99 % of

the tubes can be reached without further S.G. entry. The pusher puller

is installed in the manway. The complete installation of the

manipulator and the pusher puller takes one hour ("i ncl u d i ng health
physics and initial tests). The time needed to link the electrical

cables between the remote units and the instruments is especially

short because of the permanently installed cables between each steam

generator platform and a connection box located outside the reactor

building. The total time between the a rri val of the trailer at the

power plant and the first tube inspection is usually less than

24 hours.

Maintenance

Laboratory simulations and performance analysis have led to a~ drastic

reduction of failures and repair time. . Trained jumpers are able to

exchange probes within 15 minutes. The probe auxiliary system ( cable,

rotational encoder and slip rings) has a normal-lifetime of

25000 tubes.
!

Special attention was given to the design of the pusher puller, f

The unit can be replaced in less than 30 mi nu t e s and most of the ~!

r e p l a c a b 1'e parts ( sli p rings, probe, cables) can be exchanged without'

tooling. The Ti hange 2 and Doel 3 inspections were performed with two

pusher pullers using only one set of rotational encoder and' slip rings

for each steam generator.

I

!
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Haapurements -

Data acquisition of each steam generator of Doel 3 (about 3330 tubes)

was performed'at a speed of 120 tubes per hour during 90 % of the

inspection.

The sequencing or tasks ~ has taken advantage of.the' trailer philosophy

which includes the permanent installation of as much equipment as

j. possible in a mobile. trailer so that as little installation adjustment

work is required as practical.

i -; Three operations are ~ performed simultaneously .

tube i ns pe c t i on;

quality. control of a tube record;

laser disc recording.

The maximum acquisition efficiency is achieved because there is nop
I waiting period between the end.of a tube inspection, manipulator

'

i displacement and the laser recording
>i

~

The measured area is p r ogra ma bl e in 10 mm ( 0. 4 i n) increments to a

i: - ma ximum di st ance of 700 mm ( 27. 5 i n) . A typical inspection length of

|
+ 30 mm ( 1.18 i n) .to - 120 mm ( 4. 7 0 i n) from the top of the tubesheet

requires 28 seconds. The probe rotational speed is 12.5
,

revolutions /second and the pitch is 1 mm ( 0/ 04 in)/ revolution. This

corresponds to a tube surface scanniig speed of 750 mm

I (29.5 i n) / second; The analogue t o digi t:41- conve rsi on rate is-

! 1500 samples / second ' whi ch e nsures . a data point every 0,5 mm ( 0, 02 i n) .
i

f The eddy current equipment is a multif requency device provi di n y two or
!

three differential frequencies and one'or two absolute channelsc The'

|- a bs ol ut e channel is used for the. location of the roll transitions.

The eddy current signals are encoded with a 15' bits. resolution after' ;

s .i g n a l amplification. The d yna mi c range of the system ( f rom coil to 9
,

analysis) has been measured higher than 80 d B. Si multaneously with'

" the 15 bits eddy current data, several digital. pieces of i nf ormati on
:

tube number, probe location in elevation and azimuthalare encoded -

position. This information is transferred to a desktop. computer that,

performs the quality con' trol of the data. It ve ri fi es 't h'. amplitude
,

and-the' phase of the-reference defect for each tube record.
,
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The probe speed is compared to minimum and ma xi mum thresholds. This

on-line quality control goeo beyond the A SME - 'a nd EPRI NDE. guidelines

It constitutes a major guaranty of accuracy and reproducibility during

- the measurements. After this. verification, the data.are written to an

optical disc.

The tube to tube sequence p ro vi d e d by the data base is the single

piece of information needed to start the data a cq ui si ti on. The

sequence is shown in Figure 6-6. There is no operator intervention
! with the exception of the ma ni pula t or initialization and the

replacements required in case of a system or probe failure.

6. 4. DATA ANALYSIS

The data-analysis unit contains the electronic interfaces and the

; computer which takes care of the calibration, the detection and the

measurement of the eddy current signals ( Figure 6-7),
..

The analysis sequencing takes advantage of laser disc recording and

the trailer philosophy. Three o pe r a t i o r.s occur simultaneously-

laser disc reading;

detection and analysis;

printing of eddy current signals and computer diagnostics.

The analysis sequence is performed with a computer system that

calibrates, detects and measures each suspected i ndi ca t i on.

The approach is identical for the bobbin coil and.the rotating ~ pancake

coil analysis. The software has been designed to detect any indication

above the detection threshold. It leaves the final decision to human

analyst It is preferred to obtai n some false calls rather than
!

mi ssi ng - a potentially dangerous indication. ]
i

The optical disc is shared between the acquisition and the analysis

units. When a tube has been written on disc,-it is sensed by the
1

analysis computer.and loaded in memory. ]
!,

The software locates the reference defect (longitudinal EDM notch) and

! calibrates each frequency channel as a function of the analysis

'|

l
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procedure. This operation rotates and amplifies the eddy current'

signals in order to guarantee +/- 2''deg..and +/- 1 dB for each record.

Extensive c hec ki ng is built into the software to ensure an optimum

dynamic range.
1

For example, the software is not allowed to ampli f y the eddy current

signal.more than 3 dB. If this situation occurs, it in detected during

the acquisition sequence and is followed by a calibration of the eddy

current instrument prior to recording on the optical disc. This

algorithm ensures the optimum dynamic range as expected by the'ASHE

code.
t

The record is searched to recognize the start and the end of the

tubesheet. Each 360 deg. section is scanned for a possible abnormal

indication which is flagged. The suspected areas are displayed on the
'

computer bit mapped display and printed by a high speed electrostatic

plotter.

The number of signals in the defective cross section, the' amplitude

and the length of the longest crack are measured by the computer.and

printed by the plotter. The information is written on the magnetic

disc of the analysis computer. The complete analysis sequence is shown

on Fi gure 6-8. However, the fi nal decision depends on the analyst. His

interpretation controls when low signal to noise ratio or-complex

patterns induce erroneous computer diagnostics.

The average analysis speed is 120 tubes per hour. A summary of the-.

suspected areas is printed and in case of a bad record, the reason for
'

the rejection is documented and the tube-is flagged for re-inspection.

i

6. 5. EVALUATION OF DEFECT OCCURRENCE AND GROWTH, AND ANALYSIS

VERIFICATION

_

During the inspection, different software progras provide an

immediate comparison between the pre vi ous data base records and each

diagnosis. The longest cracks are inspected t wi c e to ensure the best

; length evaluation. The plant operator receives twice a day ~a |

statistical evaluation of the steam generator situation ( number of-

L defects ranked by length, number of cracks, tubes to plug, . .). 1

L -i
li
,
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Tubesheet ' maps wi th t he . t ubes to'p1'ugLare provided in order to allow

preparations to be'made for-the plugging' operation.
'

'At the end of'the. inspection, the tubes to be plugged are marked with

. paint using a small dedicated device mounted on the polar manipulator.

These operations mi ni mi ze the intervention time'arter the RPC
-

inspection.,

6.' 6. FIELD EXPERIENCE
,

- ,

This RpC system was.first implemented i n March- 1988 at Tihange 2. :The

fi rst steam generator was available on March 9 at 9 a . m.

Two steam generators were inspected s i mul t a ne ous l y. The third steam

generator was available for inspection 24 hours after the end of the

inspection of the first steam generator. The total operation needed
,

,
.

equipment installation and6 days and 10 hours. This time includes

removal from each' steam generator channel head and platform. The final

analysis and the preliminary. defect statistics were available two days

after the last tube inspection.

The total personnel irradiation exposure was 4. 7 R for the Laborelee

team and 4, 2 R for the jumpers. The general average. channel head-or=
'
,

each steam generator was. measured at 8,R/h. These values include the |

ASME Section XI bobbin coil i nspection and the tube marki ng operati on.

|1 '

The second inspection occured in June 1988 at Doel 3.'The same

planning was proposed by the plant. Because of some e q ui pme nt and

j software opt i mi z a t i on, the inspection time was further reduced. The ,

total operation needed less than 6 days and the final report with'

crack progression-statistics was available 4 hours after the'last j
,

inspected tube. The total irradiation exposure was reduced by.30 % !
4

although the channel head measured value was the same at the.-both Doel

3 and Tihange 2.
3:

1

The acquisition team worked 24 hours a day, i n three shirts of

8 hours. .The team consisted of

two site supervisors;

three shirt leaders;

$ 6-7
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nine operators;.

three electronic technicians;

j twelve jumpers..

l.The analyst team worked 24 hours a day in three shif ts or. 8 hours.

The' team was made of I
1.'

one site supervisor;.

chree shift leaders;

six a na l ys t s;.

six operators.

It should be pointed out that the operators were also responsible for

several admi ni s t ra t i ve tasks which resulted, for example, in|the,

filing of more than 15000 signal prints during each i nspection.

6. 7. COHpLI ANCE .WITH EPRI GUI DE LI NES
~

The RpC inspect 1on technique satisfies each recommendation-of.the'EpRI

NDE guidelines. The reproducibility of the measurements is ensured

L with a high dynamic range'and sampling rate. The equipment reaches

| t wi ce the minimum values for both dynamic range and sampling , rate
specified in the guidelines. .The quality control computer achieves the

highest possi bl e quality for each tube record. Such exhaustive and

error free check cannot be achieved by human operators during the full

work t i me of their shift. *

|

|
The. analysis procedures f ul fill the guidelines both'in terms of. team

organization and computer i mpl eme n ta t i on. The. interpretation task can

be considered as a-three step sequence'
-

,

|. . .

the signal. detection;,

the signal i d e nt i fi ca t i on;
,

the defect characterization.

For t he 'det ecti on task, the computer is by f ar superior. to the human
analyst. Indeed, this operation is nothing more-than a visual,

i_
~

- threshold translated-into a logical threshold on the x and y

|

|
'c 6-8
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projections of the eddy current'patternsi The superior det ectabili ty - I
1

and reproducibility of the software algorithms were confirmed by
I

comparing human and computer detections during' a full year - i

qualification period (1985).

Signal identification is usually a context sensitive task.

It implies the codification of analysis rules that are " expert

dependent" For the RpC PWSCC inspection, the identification rules are

simple because the defect location and.the eddy current signal

patterns are known.

Defect characterization is also simpli fied because the values to

measure are the number of signals in the same cross section, the

longest crack length and the largest signal amplitude. These values'

can be measured accurately with speci fic algorithms.

i.
i: Although the detection' task is performed only by the computer, the

automated identification and characterization are submitted to a human

analyst team. Differences between computer and human analysis are

settled by a third analyst team.

,

, i

6. 8. CONCLUSION'

! The described RPC technology. satisfies the safety goal and the utility

requirements both ir. terms of reliability, accuracy and efficiency

(inspection t i me) . An optimum has been reached by

- advanced e q ui pme r,t design
,

* - integration or the data acquisition and analysis procedures

efficient computer data screening-

- independent data a nal ysi s by computer and human teams

while maintaining compliance with the latest applicable

recommandations of the EPRI HDE guidelines.

Field experience demonstrates that 100 % RPG f nspection in less than
'

60 hours per SG can be achieved.

i
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INSPECTION SEQUENCE

Data base CCMS Inspection program D.B.M.S.

Locate transducer Robotics
1

Acquisition CCMS Calibration Automated instruments
I

Recording Quality control

i
C

Signal processing Digital processing
i

Analyse CCMS Detection Adaptative algorithm
i

Characterization Expert system

Data base CCMS Evolution study Statistical tools
i

Report a filing Graphic / text tools

Figure 6 3 NDT tasks submitted to a CCMS equipment
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PRINCIPLE OF THE L/E HELICAL SCAN ROTATING PROBE .
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DATA ACQUISITION EQUIPMENT CALIBRATION.
I

STEAM GENERATOR MANIPULATOR INITIALIZATION -

ROBOT-,

DRIVER.
;

- MAN!PULATOR MOVES TO A SPECIFIED TUBE __

- '

PROBE IS PUSHED UNTIL A PRESELECTED HEIGHT -~

%%T,

DRIVER.
EC DATA TRANSFER TO COMPUTER DURING PROBE PULLING _.

i
--

.

,

,

i SOFTWARE CALIBRATION OF MULTIFREQUENCY EC DATA . HP 320;

i

OUALITY CONTROL OF EC RECORD

N O .C. t

OK?

Y

DATA TRANSFERRED TO LASER UNIT FOR RECORDNG LASER UNIT
I

Figure 6-6 Octo acquisition sequence.
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TRANSFER LASER RECORD TO ANALYSIS COMPUTER LOCATE THE " COMPONENTS"
'

I I

PREFETCH NEXT LASER RECORD DETECTION f- (component).=

!

LOCATE REFERENCE SIGNALS
N,

, SIGNAL .

MEASURE EC REFERENCES
Y

T IDENTIFYy
OK ?=

,

FEATURE EXTRACTION
N 1,

'
CORRECT SETTINGS DEFECT CHARACTERIZATION

i i

LOG CHANGES . ON ANALYSIS COMPUTER DISC IMAGE TO PLOTTER SPOOLER
'

;,

. SIGNAL PROCESSING - DIAGNOSTIC SAVED ON ANALYSIS COMPUTER DLSC

@ @
Figure 6-8 - Data cnclysis sequence.,
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Section 7

SG INSPECTION FIELD: DATA'

~ 7 . 1., PURPOSE

The purpose of this section in to demonstrate the safe and-reliable

operation of'the Belgian steam generators despite the fact that some

of them are affected by through-wall cracks 2n several thousand.of

tubes.

The re vi e w of steam generator ( SG) inspection field' data' includes -

- historical background

- in-service leak rate data and channel head radiation level' s

- outage leak data (helium-test, fluorescaine an'd/or secondary-
side' pressure test, primary side pressure test)

- eddy current Rotating Probe Control ( RPC) statistien1 data
( di s t ri butions of crack length number of cracks per

'section, ) t

- correlation between eddy current " bobbin coil", RPC and
helium test data.

7. 2. LEAK RATE EVALtIATION HETHODS

The steam generator primary.to secondary leak rate evaluation methods
1

used by the Belgian plant operators are

- radio-inotope a ct i vi t y balance of ftssion products in the
secondary l oop ( H-3, N-16, F-18, Na-24, Ar-41 I-131)

- boron balance of the primary and secondary loop

- primary water balance.

The radio-tsotope leak rate evaluation method is. based on-isotope

acti vi t y measurements by gamma-spect'rometry 4n various parts of the

necondary loop ( steam generators, ma i n s t e a m, feedwater, blow

down, ). A representattve mathematical model of the secondary loop
,

and preci se knowledge of.the isotope a c t i vi.t i e s at the'SG secondary

. inlets and outlets allow, by a balance, the calculation of the isotope

act i vi ty leak rate. Fi nall y, the-computed primary.to secondary SG.

7-l'
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- a c t i vi t y leak rate ( i n Ci/ h) is translated to a ~ water leak rate (in

kg/ h *) '( Lbm/ hr) -by dividing it by the isotope specific ac t i vi t y - ( i n
'

Ci / kg)-' ( Ci / Lbm) in the primary water.

The_ boron balance is based on the same principle after measurement'*

of the boron content in the primary loop and in the SG secondary

i nl e t s and outlets, one can compute the SG 1eak rate. The primary

water balance is a direct method based on the primary leak' rate<

evaluation.

Discussion;

The radio-isotope methods are the most reliable for determining a;

realistic leak rate. Leak determination by ac t i vi t y measurements or

fi ssi on produc t s or acti va ti'on i n the primary and secondary loops is

: only valid if the steady state conditions are established for a
f

; surricient time ( approximately one half life of the isotope). When

these conditions are not met, activity fluctuations, which rollow a

power transient, induce a large spread in the evaluated primary to

secondary leak levels.

F-18 analysis is performed by each plant at least once a week.on a-

routine basis and when an abnormal global gamma rad i oa c ti vi ty

( conti nuously meas ured) is detected in the secondary loop. Leak rate

; evaluation by the F-18 method is reliable. Nevertheless,.F-18 activity

is dirricult to measure by gamma-spectrometry and re q ui r e s long times;.

rnr computation ( especially for small leaks, when the low a c t i vi t i e s

of the secondary samples require'a long gimma couating ti me) .

Generally, a total time of two and one-ha:r. hours in needed when using ,

the F-18 method from the start or water sampling operations to the :
J

determination of a leak rate number.
,

i ' N-16 ac t i vi ty has been used in several cases and will soon be

monitored on a continuous basis. S pt c t rorne t ry all ows a very good

evaluation of the N-16 content, Isotope ' H-16's short hair-life ( 7 -sec)-

requires the measurements to be performed in the vicinity of the
,

|

| . i
,

Secondary sample analyses are performed'at room temperature and- )*

a
atmospheric pressure. Therefore, leak rates in kg/ h and i n 1/ h ' ca n .

be considered as e q ui val e nt.

7-2
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source, Na-24fis also an. excellent leak marker, Boron analysis in the

primary and secondary . loops is a precise (* 10 %) and rapid method for

leak rate evaluation as long as'the boron concentration in the

secondary _ water is greater than 20 ppb. This. method i s independent of'

.the power transient history,

The primary water balance method gi ves absolute leak rates (total.

primary leak) but' depends on many parameters and is not sensitive for

small leaks. Great differences between total primary leak rates.and

i nd i vi d ual steam generator leak rates can be observed in the tables of

subsection 7,4.

The main lessons learned from the Belgian plant leak experience are :
!

- the different radio-isotope methods for leak evaluation lead
to similar rates. This means that these methods and their
corresponding mathematical modeln are reliable ,

4

- a precise leak rate evaluation by chemical analysis requires
ha vi ng about the same blow-down flow' rate i n each steam ;

generator |
j*

- a boron content in steam generators greater than 2 ppm (or j
lower than 20 ppb) does not allow a reliable leak . 1

determination with the boron balance 1
. l

- spectroscopy determination of Ar-41 allows a quick evaluation |

of the leak rate

- Tri ti um ( H-3) analysis over a long period of time gives a
good total primary leak estimation

- continuous N-16 measurements appear to be the quickest' leak
evaluation method. However, the N-16 leak determination is
partially based on computed values and is strongly dependent
on the location of the. leak. Therefore, the absolute leak
rates have to be confi rmed by comparison with other chemical
analysis results

7. 3. LEAK RATE EV ALUATION/ PL ANT HISTORY

Doel 2

Since the beginning of-Doel 2 plant operation,'the main method of SG

1eak rate evaluation has been radiochemical analysis of F-18 (by-

gamma-spectrometry measurements in the secondary loop) and p ri ma ry

water and boron balances. Both steam generators'are now equipped with

a permanent gamma-meter, The Doel 2 F-18 model is very' reliable and
~

has been improved duri ng the 14 year life of the plant. The knowledge

7-3
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'of the isotope acti vi ty behavior in-the' secondary loop at 100 %-

nnmi nal--power; has . led to the use of a simplified model- requiring only ,

the measurement'of the specific activity in the primary loop and in

the steam generators. The use of this simplified model,results in a y

substantial time savi ngs.,

Installation of a conti nuous N-16 moni t ori ng system i s nowfplanned|at
Doel 2. A temporary system is already in operation. Tri t ium ( H-3)-

balance leak determination on the basis of repeti ti ve - measurements is

also planned-for the near future.
.

7 1

Doel 3

p H-3, F-18 Na-24, Ar-41, I-131, boron and primary water balances and,'

since August 1987, the N-16' leak rate evaluati on method are'used at
'

Doel 3. Installation of a permanent gamma-meter.for each steam

|- generator is planned.
r -

r

Tihance 2

j Since the first start u p, leak measurement methods _are global gamma-

spectrometry, boron and Na-24 analysis in the secondary water ( and

occaalonally I-131). Each' steam generator is eq ui ppe d wi t h.-a permanent-

gamma-me te r gi vi ng precise radi oac ti vi t y levels. Na-24-is measured at

least once a week. Leak-detection by N-16 monitoring is:now planned. A
.

*

temporary system is .already i n operati on.

>

7. 4. IN-SRRVICE LEAK RATE DATA
i

!

Doel 2 I,eak Rate Data

The technical speci fications applicable to Doel 2 identify -

- a maximum allowable primary to' secondary lea'k of 28 1/h
- ( 0.12 3 . gpm)

c

- a maximum I-131 activity in the secondary. system of
2.10'' Ci/h.

' ~

presently being revised to comply with the otherThese 11'mi t s are

Belgian units -( 79 1/ h) . ( 0. 35 gpm) . The i n-s e r vi c e leak rates are

listed 11n Table 7-1 with the date of-the Icak evaluati on, . t he possible

subsequent outage caused by the SG 1eak and its ori gi n. Since the

first-criticality of Doel 2.on August 5, 19 7 5, - no s i gni fi c ant i n--

4

7-4
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servi ce - SG primary to secondary leak occurred until June 1979. From
-!

1986,-the leak; rates are plotted on a time history diagram ( see Fi g.

7-1 to 7-3).

A total.of.eight. outages _were caused at Doel.2 by leaking SG tubes,

Three of. them were dealt wi th during an early refueling. For the first|

outage, the affected zone of the tube was the U-bend area. Five~other

forced outages were caused by leaking SG tube' plugs, one by-secondary

water SCC in the crevice area and the last one by.a tube damaged by a

loose part, Hone of the forced outages. concerned the roll transition

area. Leaks due to PWSCC were identified twice ' i n 1978; an earlier,

very small leak ( October: 1977) was probably due to the same.cause.

)

i

'

' l

I

s
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Doel 3 Liak Rate Data

The technical specifications. limit the primary to secondary leak to'

the f ollowi ng rates

- 700 kg/ da y ( 1,54 4 Lbm/ d a y) (29 kg/ hr) (64 Lbm/ hr) total
leak if (I) > 10-* Ci/kg (4.5 10-$ Ci / Lbm) or
( Xe) > 4.10'' C1/ kg ( 1. 8 10-8 C1/ Lbm).

- 1,900. kg/ day ( 4,190 Lbm/ d a y) (79 kg/ hr) (174 Lbm/hr)per SG if
(I) < 10** Ci/kg (4,5 10~5 Ci/Lbm) and
( Xe) < 4.10'2-Ci/kg (1.8 10-8 C1/Lbm).

,

.i
Since the first criticality of Doel 3 on June 14, 1982, no'significant |

i n-s e r vi c e SG 1eak occurred.until August'1985. The in-service leak '

rates are listed in Table 7-2 with the date of the leak evaluation and
i

the possibic subsequent outage caused by the leak. A' total of 3

outages were the result of leaks. The first one was related to roll

transition cracking. The other two were related to a " mysterious"

leak. Up to now, it has been impossible to locate it from all.the leak

tests; performed d uri ng several outages (see subsection 7.5.). 'It has

been observed that quick power changes induce peaks in the leaks.

These peaks can reach a rate twice as large as the steady state.value.

I.e a k rate stabilization occurs normally within about.a week.

i

i

U

-)

|

I

!
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lihance 2 Leak Rate Data

~The' technical specifications limit the p ri ma ry to secondary leak to
L

the f oll owi ng rates --

if the leak'is located in one steam generator .
.

- at 100 % nominal power, the I-131 leak activity rate from the
primary to the secondary side of the steam generator must be

. limited to 2.8 10*8 Ci/h.
t

' - the absolute leak rate per steam generator is limited to
1900.1/ da y ( 502 gpd) (79 1/h 0. 3 5 g pm) .=

a c t i,vi t y in the secondary side.of the SG- the I-131 mass
affected by the primary to secondary leak is L11mited to
7 x 10'' Ci / t on ( 10'' Ci/ ton equivalent'I-131 dose).

if leaks are located in'several steam generators

'
- at 100 % nomi nal power, the 1-131 leak acti vi ty. ra te from the

primary to the secondary side of two'of the three steam
generators.must be limited t o' 1. 4 x 10''' Ci/h.

- the absolute leak rate per SG is limited to 79 1/h.
(0.35 gpm) .

- the I-131 mass activity is li mi t ed to 3.6 x 10~' Ci/ ton in
the total blow down of the 3 steam generators' ( 5 2 x 10~4;.'
Ci / ton eq ui vale nt. I-131 dose).4

). The technical s peci fi ca ti ons for Tihange 2 are now under revision -
'

the former allowable I-131 ac ti vi ti es will. be .di vi ded by 2 :"

e

respecti vely 14 x 10"3 C1/h and 7 x 10'' Ci/h. The absolute allowable

leak rate per SG will remai n 79 1/ h ( 0. 35 gpm) .

Since the first criticality of Tihange 2 on October 5. 1982, no

significant in-service SG primary to secondary-leak occurred until

| February 5, 1985. At that time a leak, rapidly increasing at a rate of

5 to 6 1/ h per hour ( 0. 022 to 0.026 g pm) in SG 3 ( see Table 7-4)

resulted in en earlier than planned outage for ref ueling ( scheduled

h f or 12 days la t e r) . The leak rate was about 60 1/h (0.26 g pm) just

before shutdown. Three tubes reported to have been rolled in severely

out of tolerance holes were affected with cracks in several roll steps
"

(from 2 to 6 steps) ranging f rom 2 mm ( 0. 08 i n) t o 9 - mm' ( 0. 3 5 i n) .long

( fi ve sections had a crack lengt h a 7 mm ( 0. 27 i n) ;. in several'

sections, as much as ten cracks were detected). The high leak rate is

believed to have resulted from the lack of contact between tube and

tubesheet hole,
1

7-7
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In J une-July 1986 another in-service SG 1eak ( steady and limited to 2- 1

; 3 1/ h)- (0.009 - 0.013 gpm)did not require an emergency shutdown.

i On May 25, 1987, a tube in the first row or SG 3 leaked at the U-bend ;

t ransi ti on '( cold leg side).. and caused an emergency cold shut

down (173 hours long). The leak rate was about 1 1/ h ( 0. 004 4 g pm) on
,

'

May 18, 1987 and increased rapidly ( wit hin one hour) on May 25, 1987
,

f rom 32 - 1/ h ( 0.141 g p m) to 91 1/ h ( 0. 4 gpm) just before shutdown. The

crack length was measured to be between 30 and 45 mm ( 1. 2 and 1, 77 :i n)

(bobbin coil inspection did not allow a'more accurate e va l ua ti on) , q

Since ~then no additional significant i n-s e rvi ce leaks occurred until
. .

1988. However, a leak was observed during the March 1988 refueling

outage .i n a row 1 U-bend and is discussed in the next section.

<
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7.5,'0UTAGE LEAR DATA AND CHANNEL HEAD RADIATION LEVEL

Standard Leak Tests Description

This section provides the results of the standard leak tests performed

during normal or forced outages of Doel 2, Doel 3 and Tihange 2

( secondary side pressure test, with or without fl uor es c ei n, and

primary side pressure tests).

The secondary side pressure test consists of filling up the steam

generators with water or wi th water mixed wi th fluorescei n ( about

50 ppm) . The secondary side is then pressurized at 40 to 45 bar ( 570

to 640 psi) and the leaking tubes are visually detected in the channel

head ( presence of water drops in case of a simple water. secondary

test, yellow-green colored tube mouths revealed by an ultraviolet ( UV)

lamp when using the fluorescein dye).

For pri ma ry side pressure tests, the pri ma ry water ( at room

temperature) is usually pressurized at about 30 bar ( 435 psi).

Radiochemical analysis performed in the secondary side allows an

evaluation of the primary to secondary leak ( this test characterizes

the size of the leak but does not allow one to locate the leaking

tube). To determine the influence of various parameters on the leak,

the primary water pressure test is sometimes' carried out at other

temperature and pressure conditions e g., at 50*C or during hot

stand-by conditions (260aC, 155 bar) ( 5000 F, 2200 psi).

A 5 ba r ( 71 pan) helium leak test has been performed once at Doel 3 'i n

an attempt to locate the leaking tubec ( results and correlation with

RPC ECT data nre presented i n subsec ti on 7-9) . A sniffer meanures the

helium leak rate at t he mout h of each tube on the primary r. i d e of the

tubenhoet. All outage-leak t e a t t; ' presented in this nubsection are

quai t i at i ve and do not give the actual nn-service leak rate. ]
|

!

|

7-9
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Roel 2. Doel 3 and Tiha_que 2 Outace Test Resultss

The Doel 2, Doel 3 and Tihange 2 outage leak data are presented in

Table 7-5, 7-6 and 7-7 respectively. All the test methods were applied

for the detection of the Doel 3 " mysterious" leak and the results or

this investigations are described subsequently,
J

2' This " mysterious" leak continuously increased rollowi ng the start up

after a normal refueling on July 25, 1987. It resulted in an outage on

August 7, 1987 A secondary pressure test wi t h fluorescein performed

on SG B revealed only 19 tubes wi t h very small fluorescein indications
,

on the pri mary si de. Secondary pressure tests without fluorescein

performed on SG R and G did not reveal any leaking tubes. Eleven tubes

were pl ugged on the basis of ECT with the rotating probe (37 tubes

inspected). Start up occurred on August 18, 1987 but a new outage was
* required on August 20, 1987 because of a remaining leak i n SG B. A new

riuorescein test revealed 17 leaking tubes. A heli um leak test was

also performed during this outage (see subsection'7-9) but did.not

succeed i n identi fying the leak location. A primary side pressure test

(30 bar ( 435 psi), room temperature) carried out on August 26,.1987-

p showed only a leak of 0.25 1/ h ( 0. 0011 g pm) in SG B. The temperature

of the primary water was then i ncreased to 500C by means of the

primary pumps in order to study the temperature errect on the. leak

j rate. After a peak or 15 1/ h ( 0. 06 6 g pm) , a non significant leak, less

than 2 1/ h ( 0. 0089 gpm) was observed i n each steam generator ( Fig. 7-6-,

to 7-8). Another primary test (155 bar at 260*C) (2200 pai at 500* F),

- did not reveal any detectable leak.

1

The leak which has caused these 2 outages has been called the

" mys t e ri ous" or "ghos t" leak because it disappears when the reactor
' power is under 30 % of rated power.

The pl a n t was started again on September 9, 1987 and the power

increased by steps (SO % on September 11, 75 % on September ~14 and

full | power on September 17). Once at full power, the leak in SG B

remained steady ( 24 1/ h) (0.106 gpm) as well as the total _ leak rate

(about 25 1/ h) (0.110 gpm). During the June 1988 regular re f ueli ng

outage,.about 70 tuben ( wn th the known larger defects in roll

t ra ns i ti ons) were either plugged or sleeved. However, the leak rate. ]
remained essentially unchanged after resuming power and has slowly

7-10e
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-decreased down to 15 1/ h ( 0. 066 gpm) up to the present time of

. reporting ( March 1989).

Channel Head Rad t a t i on (.e vel
,

Doel 2 a rtjd

For all Doel ~ power plant uni ts ( 1 to 4), channel. head radiation levela

;- usually range between 80 and 120 mSv/ h ma x i mum ( 8 to 12 Rem / h) after

opening of the manholes and decrease to about 40 mSv/ h ( 4 Re m/ h) after,

j cleaning at the end of the refueling period.

1

Tihanco 2

The channel head radiation levels are similar to the Doel units and

details can be found in table 7-8.

4
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7.- 6. STATISTICS OF NUMBER OF CRACKED TUBES ( Doel 3 and Ti ha nge 2)

The RPC methodol ogy outlined in section 5 has been used on a

statistical bants since May 84 ( Ti hange 2 inspection, after the fi rs t

operational c ycl e) . The equipment and data acquisition system have

remained unchanged since this early date ( *) ; improvements in data

analysis ( such as automatic computer screening and diagnostics) have

been retroactively applied to previous data, so that all sets of

inspection data can be reliably compared.

RPC inspection was initially performed in addition to the regulatory

inspection using the standard " bobbin coil" method (improved by the

multi f requency mi xi ng technique and sophisticated data analysis).

Duri ng each outage, from 1 to 3 SG' s were inspected by RPC over the

full height of the tubesheet and the sample size varied from a low of -
,

'
50 to a high of 2 000 t u be s / SG; as the sample selected'often included

the tubes pr e vi ousl y found to be cracked, not all inspected tubes.can

be used to establish a representative cracking status of the entire

tube bundle; the statistical i nf ormati on i s based on the best

available random samples ( the size of which is indicated, wi thi n

brackets in the graphic presentations); in most cases, a si g ni fi ca ntl y

larger number of tubes was actually inspected.

Since February 1988 ( Ti ha nge 2 inspection, after the fifth operational

cycle) 100 % RPC examination has been performed on all.three SG' s at

each outage but the inspected length limited to the upper part of the

tubesheet ( about 150 mm ( 5. 9 i n) , including the 4 upper roll steps.

the normal roll transition and the-kiss roll). This is the only area

of concern where crack plugging li mi t s need to be considered (see
'

Secti on 3) .

The first crack indications were detected by RPC after the first cycle

in at least one of the SG' s for both plants ( Doel' 3 and Tihange 2 )'.

Two families of tubes should be clearly di f ferentiated.

(*) The only exception is the Doel 3 inspection in October 1983 ( af ter -

!. the first operational cycle) where a few tubes (about 10) were

examined with a laboratory version of RPC ( de velopment stage),

i
l~
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Tubes Rolled in out or Tolerance Tubesheet Holes
_

This case relates to a very limited percentage of the tube bundle

(less than'100 tubes distributed over the 6 SG's - of the two pl a n t s)

but leads to an accelerated initiation and propsgation of the PWSCC

cracks ( as the result of a si gni fi ca nt increase of the residual stress

level).

In the few extreme cases were the tube was not even rolled-against.the:

tubesheet, the cracking was extensive ( both in axial'and 45 degree

oblique di rec t i ons) , to the extent of yielding detectable in -service

leaks iri ng the first operational cycle and reducing by half the: Lube'

a x i a .' ig t h (as e vi d e nc e d during the tube pull performed on.

SG-B in August 1983). All tubes in this category have beenDoel ., ,

plugged, 4

||

In the other cases ( hole diameter tolerance exceeded but rolling -| |
. expected to be correct), no such behaviour was observed but the rate I

or increase or cracked tubes wi th time has clearly shown a steeper

sic see Fi g. 7-9). Owi ng to the_ limited size of the concerned

popu. . i on, this was not considered to be a significant problem as it

could easily be solved by plugging.

Normal Tubes

Due to the availability of ECT pror11ometry measurements ror all_-tubes '

( along 4 diameters, for the full height of the tubesheet), it was

attempted to correlate tube- cracki ng wi th various - known profile

i rregulari ties or abnormalies ( other than' out or tolerance holes).

This proved.unsuccessfull so that no f urt her "f amili es" need be

differentiated.

[I t should be noted, however, that'there is

- no "overrolling", as the rolling speci fi cation ( roll
transition to be' located .wi thi n - 2, . 4 mm ' ( .- 0.08, J-

0.16 ' i n) from the top. or .the ' tubenheet) was strictly adhered
to by the SG manuf act urer;

- practically no;" skip rolls", as-all such abnormalies ( except
when located close to the lower seal weld) were field
re pri red 'by re rolli ng before commi ssi oni ng the plants.

7-13
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Within this large f amily of ( quasi) normal tubes ( close to 100.% of

tube bundle), the following behaviour was systematically observed'

regarding crack locations within the rolled region.

The first crack indications are randomly distributed over the height

of the tubesheet ( this statement applies statistically to the

inspected sample as, in this early stage, each individual cracked tube

usually shows no more than i cracked section, with a single crack of

very short length'- typically 1 to 2 mm). With time (1 or 2 years
,

\-
; later), the detected cracks tend to concentrate in the roll

t ra nsi t i on; simultaneously there is an increase in the number of

cracks per cracked section'but rarely a large number of cracked
,

sections per tube.

In a later stage ( af ter 2 to 3 years), the majority of detectable
'

cracks are located in the roll transition. For instance at-the time

shot peening was performed (i.e. after 3 operational cycles), the

following distribution was observed.

Plant S. G. % cracks in roll transition

i
?

Doel 3 R 4 %

G 19 %

B 55 %i >

Tihange 2 i NA

2 47 %

3 51 to 64 %(2 samples)

:

As to the distribution of cracked tubes over the surface of the-
.

tubesheet, it may vary, for unknown reasons, from relatively'-

homogeneous ( Fi g, '7-10) to severely heteroganeous, with concentrations-

l yi ng either on the nozzle ' side ( Fig. 7-11) or on the manway side'

( Fi g. 7-12).

' i

s

.

(
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Rate of Increase or the Number-of Cracked Tubes
!

The percentage of cracked tubes in the tubenbundle as a function-of

time (expressed in months af ter commissioning). is given in Fig. 7-9),

The diagram is of historical value, because-it. summarizes the b'est
available'information and was produced by successi ve inspections.

However, it is difficult to read because of the significant

discontinuities caused by *

- the variation in sample size.
The s a m pl e , especially when.of small size (as was- ini tially
the case for SG 3 of Tihange 2) .may be non representative of-
the entire tube bundle ( especially for a non homogenous
distribution of the cracked tubes over the'tubesheet
' surface).

- the variation in inspected length.
Since the last inspection or both plants was performed on a
reduced length ( 150 mm versus 600 mm) ( 5. 9 in versus
23.6 i n) $ a number of tubes cracked only within the lower
part of the tubesheet were " lost", leading to an apparent
reduced annual increase rate, or even-an apparent reduction,
of the number of cracked tubes,

,

The overall combined errect is

mi ni mal, for SG-B of Doel 3 because of a significant sample
size ( 500 tubes), which proved to be f ully representati ve,
and a high concentration of cracks in roll t ra nsi ti on; thus
resulting only in a 4 % disconti nui ty' ( Junt 87)

maximal, for SG-3 or Tihange 2 because

- of a small -i ni ti al sample size (50 t ubes) - swi tc hi ng to a
larger sample size (1 030 tubes),- with a resulting curve
discontinuity or about 10 % ( Fe b. 86 -~) -Feb. 87).

- of a lower concentration of cracks in ro11' transition, with
a res ul t i ng . c urve disconti nui ty or about 15 %. ( Fe b. 87 -->
March 88).

Also, since all' SG' s were not inspected at'each outage (and, fcv the

particular inspection of SG-R and G in June 87, the sampi .was

severely biased by a-prior " bobbin coil" selection - s9a-

Section 7.8.), the curve cannot always be reliably 2rawn-between the

available data poi nts; 'in such' cases "best estimate" trends are

illustrated by dotted lines.
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In order to get-a clearer picture of.the overall process, all data

have been reanalysed to select only those tubes with cracks in the

roll transition, while the sample discontinuity has been removed by a
3

proportional adjustment. This leads to Fig 7-13, which is the "best

estimate" of cracking evolution in the roll transition for.the most'

documented cases ( SC-B of Doel 3 and SG-3 of Tihange 2); it should be

understood that the total percentage of cracked tubes may be
2significantly larger, especially for the case of the Tihange plant, ir

cracks in the tubesheet region were also i ncl ud ed.

Overall crackino statun

From the above statistics, additional i nf ormation gi ven i n t he

rollowing pa ragra ph ( 7. 7) and the knowledge about the morphology or

short non detectable cracks (section 5), it can be inferred that the

total number or actual cracks in the roll transitions of the Doel 3-

and Tihange 2 units ranges from 6000 to 20 000 cracks per steam

generator, with crack lengths between i and 14 mm but all very deep-

( through-wall or thin remaining l i ga me nt) .

While this amounts, for both units, to about 50 000 cracks with

( potenti al) open leak raths-to the secondary side, it does not prevent

the safe and reliable 71 ant operation, with only small i n-s e r vi c e

leakage ( Secti on 7. 3) .
i'

While the cracking status or the Doel 2' plant is less we11' defined

(limited RPC ECT i ns pe c t i on) , the same conclusion holds true since

over 2/3 of the tube bundle is known to be arrected for at least one

of the two steam generators.
,

,

7; 7. STATISTICS OF CRACK PARAMETERS

For each cracked section ( yieldi ng a . single " bobbi n coil" defect

aignal, 10 de tec table), the RPC i nspection met hodology measuresJ and

documents the 3'rollowing parameters
, ,

- number or-~ axial cracks.in the'section

length of the longest crack-

,

- ampli t ude ( mV) of t rie largest i ndi vi d ual signal.

':
a
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Statistics presently available are based on these parameters.

Haximum crack depth is not included ~because it is systematically found

to be (close t o) through wall.'More information ( such as crack

topology, , length or other cracks than the. longest, ) is stored as.

~

raw data or can be produced on graphic displays (see F i g. 7-14);

however no detailed computer analysin is systematically performed and

the retrieval of this complementary i n f orma t i on,. if required, is

somewhat more time cons umi ng.

When a particular crack section is repeatedly reinspected at each

outage, all three characteristic parameters show a continuous

i nc re as e; the annual rate of increase may vary from 0 up.to some upper

bound described later.

After peening was performed the ( apparent) rate of increase of the I

I number of cracks /section was slowed down, but not reduced to zero. The

incre rate was essentially unarrected for the two other parameters.
_

Furtt discussion of this subject will be li mi t ed to the number ~and

length 0 cracks, as the signal amplitude is or little practical use.

Statistics will be presented as " distribution curves", with an

ordi nate ( y) axis labeled in percentage and an abscissa ( x) axis

labeled as either

- the number of cracks per section

- the ( ma xi mum) crack length.

- the number increase (annual rate)

- -the length increase ( annual rate),

By.derinition, the area under any of those histograms is equal'to ~

100 %. The data scatter may result in negative increase values; . t he

corresponding actual ( physi cal) values are of course either zero or

slightly positive. .|
1

The information presented. includes' inspections
~

f or all .3 SO' s of Tihange 2, for the last 100 % inspection of-

March 88;s

I
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- for all successive inspecti ons of SG-D of Doel 3 ~ ( f rom t he
early sample inspection in August 84 up to the last 100 %

! Inspection of June 88).
<.

4

Tihance 2 March 88 Inspection

Information obtained from the 100 % RPC inspection of SG' s ' S 1, 2 and

3 is summarized in Figures 7-15 through 7-19.

F i g. 7-15 T,enath distribution or cracks in the roll transition ( f rom>-

rully expanded to kiss roll areal

This figure gives the absolute number of tubes showing, in

| the roll transition. ( t hrough ' wall) axial cracks. The

maximum crack length ranges from 1 to 16 mm ( 0. 04 to

0.63 i n) ( only 2 cases). The overall cracki ng . status is
.

comparable for the 3 steam generators and is summarized in

the following table

SG 1 2 34

l'
Number of tubes with 956 850 1 050

'

; cracks

Average crack length
( mm) 4. 7 4. 6 4. 8
( i n) 0.185 0.181 0.189

i Max. crack longth
( mm) 16 14 16-
( i n) 0.630 0.551 0.630 ,

i

Fig. 7-16 - Distribution or number of cracks in roll t r a n s i t Lqng

This figure gives the absolute number of. tubes showing. in
,

the roll transition,-the indicated number'of cracks ( i n-

the same cross-section>

This' number'or cracks ~ per'section ranges from 1 to 13,

with an average value f rom 3. 3 ( SG-1) t o 4.1 ' ( SG-3) . j
.

l
<

,
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Fi g; 7-17 . Di stribution of ' crack lenoth i ncrease

This figure gives the percentage of tubes s howi ng the

indicated length increase ( yearly rate) since the last RPC

inspection.

The length increase ranges from - 1 to + 6 mm/ year ( - 0. 04 <

to t 0.236 i n/ ye a r) .

The negative values are of course not physically meaning ,

full but result from data' scatter. However, the fact-that

the amount of data with 1 mm ( 0. 0 4 i n) " decrease" is

rather small, and that no " decrease" has been observed in

excess of this value, illustrates the high degree of

reproductibility and reliability achieved by the RPC

methodology.

The following table f urther summa ri zes this data.

SG 1 2 3

(,a s t inspection 1987 1986 1987

Number of tubes 63 79 339

Average annual crack
length increase
( mm/ year) 1.75 1.25 1.18
( i n/ yea r) 0.069 0.049 0.046'

'l

Fi g. 7-18 Distribution.of the increase in number of cracks'in roll

transition
lThis figure gives the percentage of tubes s howi ng the-

indicated i ncrease 'in number of cracks /section .( yearly- j
rate).

The increase ranges from - 1 to 5 cracks / year. The'same

sample size-has been used to monitor length and crack'

number i ncrease, The average values range:f9om O.22/ year <

( SG-3) t o 0. 5 4 / ye a r ( SG-1) ,

7-19
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' Fi g. 7-19 . pependency of the crack lenoth increase on t he initial

crack l e n a t_h
This figure illustrates the distribution of crack' length

increase (from 0 to +6 mm) (0 to * 0. 236 i n) as a

function of the initial c rac k -l e ngt h ( i n 19871 for'the 339-

cracked tubes sample used to monitor the increase i n ' PWSCC-

of SG-3.

It in quite clear that "long" cracks tend to propagate

significantly less than shorter ones.

^

Doel 3 - SG-B fvolution From 1984 To 1988
1

i The data obtained from SG-B of Doel 3 during successive RPC-

inspections from August 84 to June 88 are illustrated by Figures 7-20

i to 7-26, which are of the same type as for Tihange~2 ( but not

including the increase distributions).

A summary of all key data is also provided by Table 7-9

The overall crack progression obtained from these inspections leads.to

the f ollowi ng conclusions .

In the early stage of detectable PWSCC, after 2 years of service'

operation ( Fig. 7-20), the cracks are short (usually i mm ( 0. 04 i n)

long) and there is rarely more than a single crack in the roll

transition.

At the time shot peening was performed, after 3 years of, servi ce

operation ( Fi g, 7-20), both the " crack length" and " number of. cracks"

distribution curves are extending towards largerJvalues1while showing

an overall decreasing exponential shape ( l J e. a large number;of small

or isolated defects);,

Onelyear after shot peeni ng - ( Fi g. 7-21), the length distribution and,
,

to a' lesser-extent _the number distribution, curvesfhave~ clearly

shif ted to the right, withian overall. evolution towards a Gaussian
*

bellishape (' i . e .' there is a decreasing number of'amall or~ isolated-

defects, while there is a: marked peak of the curve for an' average'
,

value of elther length or number).

7-20-
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Thin trend is conf'irmed by the 1987 inspection results, 2 years after

shot peening. Two sets of inspection data are available ( Fig. 7-22)

- June 87, based on the same random sample as for the previous
inspections

July 87, based on a larger sample resulting from ( and thus-

biased by) a prior 100 % " bobbin coil" inspection.

The bias introduced by the July tube selection is apparent from a
~

shi f t of the peak location. The " bobbin coll" pre-selection

( sci seni ng) resulted in a relatively larger proportion of longer

cracks. The magnitude of the effect remains, however, .rather small.

The increase in crack length is quite clear, wi t h - an average value of

1.1 mm ( 0. 04 3 i n) . Results from the last June 88 inspection ( Fig. 7-

23), 6 years af ter commissionning and 3 years after shot pe e ni ng,

confirm all of the previous observations, except for one unexpected

feature a general acceleration of the degradation process.

This is apparent from the marked shift of both distribution curves and

affects all aspects of the degradation process

- proportion of cracked tubes, increasing from 40 % to 57 %

- average crack length increase of 2.5 mm ( 0. 09 8 i n)

- average number of cracks ( per section) increase of 1.6

All of these annual rates are larger than for the previous cycle, by a

factor of 2 or more. The reason for this unexpected behaviour is still

under investigation. However there are strong reasons.to suspect

features particular to the last operating cycle; these mi ght be |
' related to the several successive cold shutdowns taking place at the

time of the regular 1987 outage ( f rom May 28 to September 9 - see |

Table 7-6).

On the other hand, all other characteristics of the inspection data

; ' remained essentially unchanged including the distribution' shape and

dependance of crack length increase- on initial crack length ( Fig. 7- j
.

24). This also' explains why the a n a l'y t i c a l prediction model developed

by BELGATOM on the basis of the previous inspection results still

yielded excellent agreement with the field data when a time span of 2

cycles was considered instead of one.

|

|

|
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7. 8. CORRELATION OF RPC WITH BOBBIN COIL ECT DATA. l

i

Because of the May 1987 forced outage of Doel 3 due to a large leak |

in SG-B~.and the subsequent evidence ~ of two leaki ng tubes from cracks,

1

in the roll transition with lengths or 18 and 22 mm ( 0. 709 and-

;- 0.866 i n) , it was. considered necessary to perform as soon as possible

a 100 % RPC inspectton of all SG roll transitions. However the

4: available RPC equipment did not allow such an intensive inspection

without intermediate maintenance. It was therefore decided to proceed
,

to a large RPC sample inspection based on a selection from a prior

100 % bobbin coil inspection,

For this purpose a correlation between RPC and bobbin coil was first

established in June 87, during the forced outage, on the basis of a,

sample population of 200 cracked tubes of SG-B. Fig, 7-25 illustrates

the correlation obtained between the RPC ( max) length and the " bobbin

coil" signal amplitude ( af ter mixing out the errect of the roll

transition geometrical d i sconti nui t y) .
;

The correlation is rather poor but was still helpful si nce only .the,

I longest cracks are or actual i n t e r e s t'. Based on a 13 mm ( 0. 512 i n)

limit, an amplitude threshold of 6.5 Y was selected,
l.

It should be noted that a significantly better correlation ( see

Fig. 7-26) could.be obtained between the bobbin coil signal amplitude

and the product or (longest) crack lengthRby number of cracks in the-

.- same section,.as. measured by RPC. Such a correlation.was indeed to be
1

expected on basis of physical grounds, as the selected index (length x,

number) is a " measure" of the total amount or material loss in the

| _; cracked section, known to be the prime i nfl ue nce factor'for signal

amplitude for the bobbi n coil. The fact that there is also a (less
'

. expectable) correlation with crack length only i s 1t he result or-

another empirical correlation between number of cracks and maximum

. crack length ( see Fi g. 7-27); this reature has indeed.been

, systematically observed in the continuous' degradation process of the
|-

SG's.
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The July 1987 inspection ( scheduled outage)- was thus performed on the

following basis -

100 % bobbin coil inspection or roll transitions for all 3-

SG's

- RPC reinspection or roll transitions with signal amplitude in
excess of the selected threshold.

The bobbin coil signal a mpli t ud e distributions are illustrated by

Fig. 7-28 to 7-30 for SG-R, G and B. Integration of these curves ( Fig
'

7-31 to 7-33) allows one to define the percentage.or tubes .in excess

of any predefined threshold.

To be conservative the threshold was lowered to 4.5 Y for the first-SG

to be inspected ( SG-B) while it was kept at 6.5 V for SG-R and G.

The number of RPC inspected tubes, the percentage of " false calls" and

the list or "long" cracks detected are summarized in the rollowing

table.

NUMBER OF TUBES
SC TliR E-

SHOLD ( mm)
WITH CRACK LENGTH

( i n)
INSPECTED * FALSE CALLS **

10 11 12 13 14. 15 16
.394 ,433 472 .512 .551 .591 .630

AAA

B 4. 5 V 775 (24 %) 166 ( 21. 5 %) 27 2 5 2 1 1 -

G 6. 5 V 843 (26 %) 497 (59 %) 5 1 - 1 - - 1

R 6.5 V 443 (11 %) 113 (48 %) 1 - - - 1 - -

* % of total number of SG tube
' ** % or inspected tubes

*** the number corresponding to a 4. 5 V threshold is 31 % but~ some

tubes.were already inspected during the June 87' forced outage.

~
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In order to further check the i ni t i al correlation ( June 87) between

bobbin coil and RPC, all data for the longest cracks (> 10 mm)

(0.394 i n) have been plotted on a similar diagram ( see Fig. 7-34).

It can be seen that the~ agreement is rather satiaractory, but that it

is still possible to occasionally miss a long crack whenosuch a crack

is isolated ( except ional case). This is illustrated by a SG-G 16 mm

(0.630 i n) long crack with a signal amplitude barely in excess of the

selected 6. 5 Y threshold.,

7. 9. CORRELATION OF RPC ECT DATA WITH HELIUH LEAK TEST RESULTS

As one of the numeroun attempts to locate the " mysterious" leak in

SG-B of Doel 3, a helium leak test was performed d uri ng the forced

outage of September 1987 with the best available t e c h n i q u e ..

Fi g. 7-35 and 7-36 show the correlations between the helium leak test

results and the previous (June + July 87) RPC length measurements on

the detected leakers.

The following conclusions can be drawn

335 tubes had detectable helium leaks while 858 had RPC
indications or close t o.10 0 % through wall depth.

There were 27 tubes with a heljum leak rate over the
"significant" threshold value of 5 cc/hr. while there were 49
tubes with crack lengths over 10 mm ( 0. 394 i n) by RPC. Only
one or the 27 defects with a helium leak rate over 5 cc/hr.
had a length over 10 mm ( 0. 394 i n) , l .- e . , the other 48 long
defects were not detected by the heli um' test.

. . -

.

There was no correlation betweet helium flow rate and bobbin
coil a mp1.i t ud e.

There was no correlation between helium riow rate and RPC
indicated crack length..In fact, the peak flow rate occurred
.ror RPC crack ~ lengths of 7 mm ( 0. 27 6 -i n) , and was lower for
longer cracks. |

These. conclusions mus't be considered. preliminary as this-was the only.
~

occurrence-or a such testing in a | Belgian plant; while the test+

conditions were considered normal'by:the experienced service company. d

in charge of the test, it cannot.be ruled out that some specific

reatureamight have reduced the method sensi ti vity below-i ta normal',_

-expected level.
,

1
'1
:
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Table 7-1 - Overview of the Doel 2 SG primary to secondary
i n-s e rvi ce leaks since the fi rs t start up

'

t I i

1 Forced | Leak ori gi n !j Date of- SG'A ^^ SG B **

-}1eak evaluation leak rates ( 1/ h) leak rates ( 1/ h) outage induced by~ |,

|and of normal ( qpm) ( gpm) SG leak (
[i refueling *'

before October - - NO - j .-

1977 |-
1

-

October'1977 = 0.1 - NO Suspected PWSCC |
C0.0004 I

Nov. 1977 - NR - - - -

March 1978 << 1 - NO ( 1) PWSCC

(0.004)
July 1978 < < . 1 - NO (1) PWSCC

*

(0;004)

! November 1978 < 1 - NO --

y | tO.004)
w Nov.-Dec. 1978: - - - -

* NR
4 ,

1 0 . -' O. 2 NO -December 1978 .

(0 - O.0009)

|- June 1979 = 2.. | 54 000 ** YES ( 2) SGTR in first row .

(0.009) ' ( 238) .
.

NO - 1October 1979 2 .

(0.009) 1 -|
Oct.-Nov. 1979: - - - -

1

* NR |
1

.

Decembe'r.1979 s 0. 5 'l - NO [ -

||
C0.002) |

A pril-J une ._19 8 0 1 - ' 2.: 3 - 3 - 7 NO - |

, . | [0.004 - O.01) ( O. 013 - D.031) |
.

July-September _s 2 18 NO -

:

1980- -( 0, 0 09) ( 0. 079) .
.

Sep.-Oct. 1980: .

- - -

NR. g
-

1- I

i See* notes on page..7-28
,

(
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Table 7-1 - Ove r vi e w of the Doel 2 SG Drimary to secondary
in-service leaks since the first start up

(continued)

F. ..

SG ..A **
I

j Date of.
, rates ( 1/ h) !1eak rates ( 1/ h) outage induced by }

{ SG B ** Forcad Leak origin

ileak evaluationileak
jand ~ of normal' I _ ( g pm) (opm) SG 1eak |
j refueling ? !

*

n

.jNovember- t < 1 = 24 NO -

.-t December 1980 f (0.004) ( 0. 01 ) {

i
; ! January-March

.

= -2 <. O. 5 NO -

(1981 ( (0.009) (0.002)
|[' 3

[ tApril-May 1981'l = 4. 5 i < - 0. 5 NO -

} 'i ( O, 02) (0.002)-_

! June-July 1981 I - = 2 < 0. 5 NO |
-

! (0.009) (0.002) {,

*
-

| Auoust 1991 s 1 < 05 NO
.

|fa ,
(0.004) | (0.002) : |

f Sep.-Oct. 1981: } - j - 1 - -

!;

m. 4NR -| j
, _

i: ! !- |
; November- 'i r O. 5 { < 0. 5 NO - | |

i December 1981' (0.002) | (0.002)
! 1

; January-March .| 0. 2' - O. 5, | < 0. 5 NO -

11982 1(0.0009 - 0.00216 (0.002)
h -| 'I |fApeil 1982' .| 1. 5 i s- O. 5 NO

.{
.

tO.0066) 1 - ( 0. 002) |
i Ma y-J ul y .1.9 8 2 - | 0, 2 - O. 4 NO - j

! '| '

326 August ~1982 > 28
'

YES ( 3) Leaking pl ugs ****-

[ ER - until ' ( 0.12 3 )
15 October. i

i
. .. . . _

j8 Oct. 1982:. >' 28 -
, YES ( 4) SW SCC ( crevice)

{ (0,123) _

iOct.-Nov. 1982-- = 5 *** NO -

j. ,i . ( O. 022) :

See notes'on-!page'7-28:

. .
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Table 7 -1 - O ve r vi e w of the Doel 2 SG D ri ma ry to secondary
i n-se rvi ce leaks since the first start up

( conti nued)

.
: [ I'

i~ Date of | SG A- ^^ SG B. **
| Forced Leak origin

; leak evaluation leak rates ( 1/h) . leak rates ( 1/ h) outage induced by
'

iand'of' normal ( g pm) (gpm) . SG leak--

,

. refueling *

i i . ;

.i } }
> '28 - YES (5) Leaking mini- !. ! 21 N o v. . -1982 - ;3

i t (0.123) sleeves
|May 1983 j 4.-> 1 1. 5 -> s 0. 5 NO -

,

- i.(0.0176' O.004)|(0.0066 0.002)
! June 1983 j 1.4"- 2 ; O- 0. 3 NO -

'

}:-(0.006 C.009)! ( D. 0013) }
jJuly 1983- | 1 } 5- O. 2 NO -

| | (0.004) | (0.0009) {
s - 0 .- 5 NO - |iAug. 1983 -- - | 5 O. 5 |

y iMay 1986 I (0.002) | (O.002)
' ''

u i |
j Se p. -Oc t.19 8'3" - -

'
- - -

;
* iNR '

}
j A ug. -Se p.~19 84 - | - - -

|NR. |

Aug -Se p.1985 : - - - - - f
NR i

4 June 1986. 27.5 - YES ( 6) Leaking plugs ,,,,
(0.121)

after 12 June 2. 5 - NO ( 6) - t

i986' (O.011)'
-

. ( new start-up)'

'. f ' . . . [
3

27'' J uly 1986 - > 28 - YES ( 7) Lea ki ng plugs **aa '

, -'0.123)
Aug. .Se p,1986 : a - - -

ERF '

. I
Oct.'-Nov.1986 See' rig. 7-1 See . ri g, .7-1 .NO ]. '--

,

I.See notes on page 7-28

!
-

, g - - -
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Ta bl e 7-1 ' Overview of the Doel 2 SG primary to secondary-

in-service leaks since the first start up
( conti nued)

t

'
s

Date of } SG'A ** SG B ** Forced Leak origin .|.. .

. leak' evaluation leak rates ( 1/ h) ' leak rates (1/h) outage induced by
and of normal' i gpm) ( gpm) SG leak *

refueling *

November 1986 - See' fig. 7-2 See fi g. 7-2 NO -

June 1987
~

|

June 1987 > 28 - YES (B) Leaking plugs aa**
,.

(0,1231-
.

,
,

J u ne-J ul y .19 87: - - - -

[
ER ,

t,

July 1987 - See fig. 7-3 See fi g. 7-3 YES ( 9) Loose partet
w June 1988 i
i 'a

,

, , $. June 1988 : NR - - - -

t
'

i
'a NR - Normal refueling

4
,

i . ER : Early' ref ueli ng .
.

-

-! .
. . .

. .- by F-18 analysis except for the June 1979 leak rate (15 1/s or F

,

** All leak. rates evaluated
.54 000 1/h) evaluated with the RELAP 5 model.
.

. I
**^ - : . leak rate evaluation unreliable due to a much higher leak in SG A cleak ranged from < 0.5 to 1 1/h). "

' **a* "Leakings plugs * usually resulted .from PWSCC or explosi vely expanded Inconel 600 plugs (E design).

:,

.

^

.

l
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r
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(1) During 2 outages in March and July 1978, lea ki ng tubes due to

PWSCC in the tubesheet roll transition' area were detected in SG A

(by F-18 radi oacti vi ty measureme nts in the secondary loop) and |
. I

subsequently plugged. The July 1978 leak appeared during the shut -l
.down operations.

( 2) On June 25, 1979, during the heating or the primary loop ( 154 bar,

255'C) (2,232 psi, 4900 F) , a tube break occurred in a first row U-

bend or SG-B and was followed by Safety Injection. Other detected

leaking I.ubes and tubos presenting a too-large ovali t y ( > 10 %) in

the lf- b e n d s were subsequently plugged.

i 31 Due to a leak in SG A, the normal refueling date was advanced a

few days.

( 4 '> On October 8, 1982, a large leak in SO A caused a 7-days outage.

During this outnge and the former one ( 3) , 9 tubes were plugged in

SG A.

,

( 5) On November 21, 1982, a cold shut down due to a high I-131

rad i oac t i vi t y in the secondary side of steam generators ( two-

minisleeved tubes R13C16 and R27C49 were' leaking in SG'A) was

prolonged until. April 26, 1983 to perform an extended c l e a ni ng

campaign on the fuel elements and the primary loop During this

outage, the two leaki ng mi nisleeved tubes were pulled i n December

1982 and three other tubes probably cracked ( R17C85, R28C32 and

R26C50), were also pulled in March 1983 (see Section 21.

( 6) An emergency outage for leaking steam-generator tubes occurred on

June 4, 1986 and lasted 8 days. The leak in SG A reached'27.5 1/h

(7.265 gpm). Af ter plugging of 17 tubes and start u p, the leak

remained limited to 2. 5 1/ h ( 0, 661 g pm) .

( 7) An early . refueling due to a high leak i n steam generators ' started'
on July 27, 1986. During the outage, 8 tubes were plugged in SG A. g

( 8) An early refueli ng due to a high leak in SG A started on June 1 2 ,'

1987 During~the start up operations ( J ul y 2 4, 1987) , a11arge' leak =

in SG B occurred and extended the outage for 9 days. Nine tubes

were plugged in SG A and t wo i n SG B.

7-29
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( 9) A cold shutdown due to leaking tubes i n SG A lasted from

January 28'to February'3, t988 two tubes:were plugged.

i.-
a

t

'
i

i
>

t

4

9

.

s

9

A

!

.,

4
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Overview or the Doel 3'Drimarv.toTable 7-2 -

secondary in-setvice leaks since the

first start qn,

Date of leak SG-R SG-G SG-B Total Forced
evaluation leak leak leak primary outage Comments

rate rate rato leak . induced and leak rate
( 1/ h) ( 1/ h) ( 1/ h) rate by SG evaluation
( gpm) ( g pm) ( gpm) ( 1/ h) leak method

( gpm)

24 SEP 1983 - - - < 2 - (1)
21 OCT 1983 (0.0009)

NOV 1983- ( no .signi rl-- - - - -
,

JUL. 1985 cant leaks)
s

AUG-SEP 1985 - - 5 - 7 - - ( 2).
| (0.022 -
| 0.031)

1986 - leak rates
MAY 1987 - = 3 : 9 - - evaluated by.

0.013 ( C 039) F-18 activity-
measurements

.
27 MAY 1987 - - 77 - - F-18-

( 0. 34)

28 HAY 1987
11 H 00 - - 75 (0 33) - - F-18

- - 40 (0.18) - - Na-24
...--------- ----- ----- --------- -------- --------- --------------

Emergency ,

71 H 3 r. - - 70 - 90 - shut- F-18
9

|
( 0.- 31 - down-
0.10) leak i n ( 3)

SG-B

13 JUN 1987
after - - = 2 - - ( 4).
start up (0.009)

( 5)25 JUN 1987 - - < < 5( 0. 02 2 - -

NR (very
small)

27 JUL 1987 - - 19(0,084) - - ( 6) (10).

f
29 J UL 1987 - - 12(0,053) F-18- -

( 6) ~ ( 10)

F-1802 AUG 1987 - - 13(0.057) - -

( 6) ( 10)

7-31
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Overview o[_the_Doel__3 primary toIable 7-2 ~
_

secondary i n-servi ce leaks since the

l'i r e t ' s t a r t tip. ( c o n t i n u e d )

Date or leak SG-R SG-G SG-B Total Forced
evaluation leak Icak leak primary outage Comments

,

; rate rate rate- leak induced and leak rate
; ( 1/ h) ( 1/ h) ( 1/ h) rate by SG evaluation-

(gpm) ( gpm) ( g pm) ( 1/ h) leak method
-( g pm)

- - F-18 ( 6) ( 10)03 AUG 1987 - - 23
(O.1)

4.
04 AUG 1987 - - 99 - - F-18

('O. 4 4) ( 6) ( 10)

i

05 AUG 1987 - - 49 - - F-18
( 0. 22) ( 6) (10),

. . 78 - - B

( 0. 3 4 )

06 AUG 1987 - - 32 - - F-18;

; ' G. ; 1) ( 6) . 10)(
- - 41 - - D

' O.18),

_

07 AUG 1987 - - 33 - - D

01 H 00 ( 0.14) ( 6) ( 10)
............ ..... ..... ......... ......- ......... ..............

.

Emergency
! nhut- ( 6) ( 10)

10 H 20 - - 48 down F-18
( 0. 21 ) 120 too large

- - 29 ( 0. 53) leak in n
( 0.13) SG-B

r

i 19 AUG 1987 ( 7) (10)
; 10 H 50 - - 155 -

4 F-18
( 0. 68) 100

11 ll 00 - - I 136
.

F-18-

I ( 0;6) ( 0. 4 4)
11 H 15 500 -> 51 - H-16- -

( 0. 4 4 )
( 0. 2 2)-

20 AUG 1987
06 H-00 - - 153 - - F-18

( 0. 67)
15 H 30 - - 63 F-18- -

( 0, 2 8)

15.H 30 -- - 90 B--

( 0, 4 ) - Emergency
17 H 32 shut- ( 7). (10)

down-
- L leak in

'
SG-D

7-32
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Review of the Doel 3 Drimary toI.a b l e 7-2 -

secondary in-service leaks since the
first start up ( conti nued)

Date of leak SG-R SG-G SG-B Total Forced
evaluation leak leak leak p ri ma ry outage Comments

rate rate rate leak induced and leak rate
'

( 1/ h) ( 1/ h) ( 1/ h) rate by SC evaluation
( cpm) ( qpm) ( gpm) (1/h) leak method

( gpm)

09 SEPT 1987 - - 25 30 30 % Pn-

( start up) (n.11) ( 0.13) ( 8) (10)

23 NOV 1987 1. 5 3. 8 21.6 27 - ( 9) N-16
0.006 0.017 (0.095) (0.119) ( 13)

- 2 16 18 - F-18.
0.009 ( 0. 07) (0.0791

- 4 19 23 - Na-24
0.017 (0.084) ( 0.101)

- - - 21 - H-3
(0.093)

- - - 19 - Ar-41
(0.084)

DEC 87 TO - - m 20 s 20 - (10)
THE JUNE 88 (0.088) (0.088)
NR

iJ UL-0CT 1988 - - -- 20 ->15 - (10)

Np = Normal Refueling

(1) The leak appeared on September 24, 1983 after a SCRAM due'to a

turbine by-pass' incident and remained steady until

October 21, 1983, date of the normal refueling outage.

During this outage, 2 tubes were pulled f rom SG B ( R15C19 R33C36)

and one from SG R ( R10C86) . .These 3 leaking. tubes were detected by

a secondary pressure test with fluorescein-( see next. subsection

" outage leak data"). The examination and analysis performed on.the

pulled tubes ( see Section 2) allowed identification of'the origin
'

of the c rac ki ng phenomenon as pWSCC. High local stresses were

induced by a lack of contact in the roll area between the expanded-~

tube OD wall and the tubesheet due to. severely ~out of-tolerance

hole diameters in the upper part of the tubesheet' (larger than the .

maximum expansion allowed by the rolling tool).

7-33
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4
4

* ( 2) In August and September 1985, SG-B was affected by a steady leak

rate which did not require a plant outage. This Icak was found by

radioactivity measurements of the secondary water. To avoid

imposing stressee On the steam generator tubes which could have

increased the leak rate above the allowable threshold requiring an,

emergency outage, the plant operator was instructed to avoid any'

power modulation until the end of the fuel cycle in June 1986

( about 9 months lat e r) . These instructions had a successful

result only four electrical power modulations. occurred until.the.-

next normal refueling and the leak did not increase d uri ng that-
'

time.

( 3) Detailed radiochemical leak analyses ( Fi a, N.24, 1133) during the

period from the 23th to the 28th of May 1987 and associated leaks

i are listed in Table 7-3.

|- On May 28, 1987,_a rapidly rising leak in SG-B (in, the tube

i expansion transition area) resulted in an emergency shutdown which

lasted until June 13, 1987.

( 4) After plugging of 4 tubes i n SG-B ( 2 selected on the basisHof both.

eddy current signals and a fluorescein test and 2 on the basis of

i the fluorescein test alone) and start-up, the leak was limi ted to
n ,

; about 2 1/ h ( 0, 009 gpm) .

| ( 5) Between the new start up ( June 13, 1987) and the next normal

re f ueli ng ( J uly 25, 1987) the leak rates were difficult to
-

evaluate since the radiochemical a c ti vi ti es were near their limit

of detection.
4

*

( 6) Leak rates were observed to be about twice:the steady state value

during power i nc reas es. The peak values then decreased to the

steady state value'within about one week, This leak rate variation
~

can. lead to wrong conclusions about its stabilized value.

( 7) Followi ng the. 7t h of August shutdown, a.new-start up occurred on

| A u g us t .18, 1987. The plant was soon' shutdown on August 2 0, : 1987
'

( 51 hours later) for a large leak still l oca t e d 'i n !SG- B.-

This leak was observed with:a peak value of 153 1/ h ( 0, 674 gpm) .

It decreased to 63 1/ h ( 0. 277 gpm) on the.20th of August. During

this period, the first H-16 measurements were performed. N-16

1

7-34
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l

measurements indicated a leak or about 100 1/ h ( 0. 4 4 gpm) ( 51 1/h

(0.225 g pm) af ter revision or the H-16 model).

( 8) 1.eak data evaluated during the period from the 9th of September

until the 19th of November 1987 and plotted on Fig. 7-4 and 7-5

show that *

' "

- under 30'% nominal power ( 270 HW) no measurable leaks were
detected -( detection threshold)

the different me t hods ( N-16. F-18 N.-241 lead to very-

similar results'which means that'the models used for leak
evaluation are reliable.

( 9) Boron, F-18 A,-41 and H-3 parameters were systematically meneurnd

at 100 % electrical power. The leak rates obtained by the

different methods or ovaluation are very similar.

( 10) From July 27, 1987 to October 1988 the leak is mysterioun and

probably from a untque origin. It-appears at 30 % power and

increases with the power level isee F i g. 7-4).

- i

!

|
.

|

I
4

l

,

. 4
'

-l
1

, 1

|

1

7-35

x

q -y er- , w- . #. ,r- -m - .- n-*,-s;--+- -,-- >-5 + ww - e.



.. . - .. . .-. -- . ~ ._

4

*
,

!

'
<

Table 7-3 - Doel 3 leak chemical data f rom the 23th to the 28th or May 1987

Date hour El, Power Primary Loop * SG-B * SG-R* SG-Ga FP * MS * Leak
rate

MKe % RC kg/hr
F18 Na-24 I-133 F-18 Na-24 I-133 F-18 F-18 F-18 F-18 SG-B

'
23/05 05.30- 860 96 18.6 5. 7 0.013 0.009 i

24/05 08.00 -860 96- 19.7 7. 2 0.621 0.018 0.011 0.28,

i 25/05 08.10 850 94
~

18.9 6. 9 0.648 0.021 0.017 0.30 0.089 'O.094
I4

'
26/05 .08.'00 850 94 19.6 8. 2 0.794 0.025 0.013 0.44

L
-

27/05 08.00 850. 94 19.1 4_ 0 1.10 0.035 0.012 0.56 0. 31 0.152 0,162 77
( F-18)

_

27/05 08.00 750 '83 3165 18.2 4. 0 2.14 0.151 0.067 1.45 1.36 0.39 0.35
|

$ 11.00 750 83 3180 17.9 4.1 2.01 0.163 0.069 1.35 1.30 0.38 0.33 75 !
( F-18)

40
Na-24

i
14.00 750 83 2760 2. 7 0.190 0.098 1.50 1.37 0.42 0.36,

!

21.00 750 83 3090 1.74 1.06 1.06 0.26 0.24 70
^

( F-18) >

3: activities in MBq/m*

RC : Reactor Coolant
- FP : - Feedsater Pump

MS : Main Steam
$

_ _ _ _ _ _ - _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . - . - - - _ _ -
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Table 7-4 - Tihance 2- Example or i n-servieg

rapid SG 1eak rate crowth-

(estimated by Na-24 radiochemical

o n a 1 y 8.1.3).

Date and hour SG 3 leak rate SG 2. leak rate'
or measurement ( 1/ h) ( 1/ h)

(gpm) (gpm)

End January 1985 1. 5 - 2. 5 -

(0.007'- 0.011)

4 February 1985

14 H 30 4. 5 -

( 0. 02)

18 H 40 4. 7 -

(0.021)

5 February 1985

01 H 30 35,7 (0.157)

03 H 30 46 (0, 203)
D. 6 ( 0, 003)

05 H 15 53 (0.233)

07 H 15 61 (0,267)

-....... .......... ...... ............... .,................. .....

08 H 35 ( 60) ' Emergency outage
(0.264)i

!

! l
,

n

I

I
t

'I

,

!
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Ta ble 7-6 - Doel 3 outage leek data

1 l I I I'
Purpose of ' Date Date. O Leak , Fluores- p sec p primary Number of Ccements j

outage of ehut dosa of start up C (1/h} beforel cein test test leakinq !
*

shut doan ( bar) ( bar) tubes

* ( g pe) ( psi) ( psi) detected
i

Normal 21.0CT 83 23 NOT 83 R < 2 (0.009) YES 45 - 3

refueling B -( total pri e- (650) (1 in
ary leak) SC-R)

|(2 in
SC-B)

f
,
Normal 17 AUG 84 15 SEP 84 B YES = 40 - 1

refueling (580}

Normal 14 JUN 85 05 AUG 85 B YES = 40 - 1 4

refueling (580)
~

}

-J
Leak in 28 MAY 87 13 JUN 87 B 70 - 90 YES : 40 - 23 4 tubes

U SC-B ( 0. 31 -0.40) (580) plugged

Normal 8 7
refueling

very li- 11 tu besLeak in 07 ADC 87 18 AUG 87 B 48 ( 0. 21) YES 42 -

SC-B' ( F-18) ( 610) ttle plugged

29( 0.13)( B) fluores-
120 (0.53) cein
( Total indica-
prima ry) tions

19 tubes 1

i
_ . - - - - . ---_-

A NO (610) - No leak

C { detected

Leak in 20 AUG 87 ~ 09 SEP 87 B 150 (0.66) YES 42 - 17 4 tubes

SG-B ( F-16) (610) plugged
after helium
leak test

i
. , i . , i e . . .

-_______-______ ___-_ - ___ _____ _ _ _ _ _ _ _ - _ _ _ - _ _ - _ _ - _ _ _ _ _ _ - _ _ - - _ = _ - - . --
_ _ _ _ _ _ . _ . _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _
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Ta ble 7-6 - Doel 3 outaae leak data ( continued)
i

1
'

i
, a.

| Purpose or: Date Date |- S Leak i Fluores- p sec [p primary Numbcr of| Comments ;

'! outage of shut doen of start up G ( 1/h) before | cein test test leaking {
t shut down i bar) ( ba r) ' tubes 'I
j ( qpm) ( psi) ( psi) ' detected f'

,

i
~ '

i Leak in (See above) (800 1 'Not |: Test leak
-f.SG-B Iin se- detect- jrates by {

continued Date of test j condary able by | boron anal- |
~

25 AUG 87 R side = this . jyses of }
| . laater to ' method | secondary i

26 AUG 87 [ G | No ithe SG 30 | vater i
inspec- (435) | samples j,

24 AUG 87 B i tion | | SG-R: 0 .1/hi
( holes j | SG-G: 0 'l/hj

level) | | SG-B:0.5 1/hj
| Fig. 7-6 t o-

p 7-8i a.
-------------- ----- ------------ -------- -------- --------- --------- ------------

t R
i

'

'27 AUG 87 G. ;
- ^ ( 500C) Fig. 7-6 to j*

B (1200F) 7-8 ii
------------~~ ----- -----,------ ----,--- -------- --------- ---------;----------- }-'

R NO - 155 I 'No detectab-!*

!(2250) i .le leak. L

G - ( 260S C) | i
(. ( 5000F) I

B j i- t
;

i 1-j.
I

* Primary mater temperature . increased to 50'C (120*F) ( primary pumps) to evaluate the-temperature effect on the-
,

j '. ' leaks ;- af ter a peak of- about 15 1/h ( 0. 066 gpm), the:1eak. decreased to a steady rate lower than 2 1/h
- ( 0. 009. gpm) in each SG.

I ..:
|

. - . + -

. . _ . _ . . --. _ - .. _ _ _ _ _ _ _ _ , _ - _,
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Table 7-7 - Tinance 2 outage leak det?

I | t I

Purpose of Date & hour Date & hour Leak rate 1 S Secondary Number ofli

shut down of shut doun of' start up |(1/h) ~before} G pressure ! leaking {

l i shut doen | Test L tubes |

| - ( g pe) ' qdetected | .'i

i
.Planaed outage 10 OCT 84 19.0CT 84 , 1- seak ^ 3 35 bar hydrotest:5 in SG 31

jaith. fluorescein f
1

12 days accelera- 05 FEB 85 12 MAR 85 61 (0.269) 3 25 bar hydrotest R40C44; -|
i 0.6(0.0026) 2 '|with fluorescein R05C33ted refueling ,

outage (leak in -for 24 hours and
SC 3) ,

( 360 -psi) - R03C76 -. }

| all rol-

Y | j led in,

e
'

| severely.

out of j

tolerance {
holes and
suspected
not'to'

,

provide
leaktigh't '"

contact

' Leak in SG 3 25 MAY 87 01 JUN 87 - 3. hydrotest with 1,

fluorescein ( D-bend
R01 C15) -

Normal refueling 06 MAR 88 04.APR 88 - 3 hydrotest with 1 in SG 3-
2 ' fluorescein ^^ ( U-bend <

1 R01C77)

- * ' Leak appeared during planned shutdown
Hydrotests performed after U-bend heat, treatment:**

_

c
,

- .

.4, . - _v. ~ , ,% O: n n, : ,:__ _ _- - .. - - i.
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~ ^ ' .:.
n

.
~

'
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J. Table 7-8 - TIBANGE 2 - Channel Head Fadiation Level
(in eSv/h or .1 Rem /h)

,

-

a

!
-

1
'

i SG t SC 2 SG 3 |
1 'I, .

t Refueling | Time HL CL HL CL | HL CL |
i

< - _s

j May 1984 Before cleaning 80 85 - - 70 70'
(lancing nith |

demineralized } ;
nater)

1 '

!. I

J .After cleaning il - - - -
-

February 1985 Before cleante- 130 50 80 82 64- '6t

-} ._ ,

t After cleanie. b! _70

{ (1st cleaa.) (1st clean. )
4 ii . t
A- | 100 70 58.2 50 60 61

( 2d clean. ) ( 2d clean. )
,

t -65 65
i- ( 3d clean. ) ( 3d clean. )

I February 1986- Before cleaning -

- - - - -
,

f After cleaning
.t

D +-2 - 110 D,+1 2 85 D+2. 100 D+2. 105 D+2- 70 D+2- -i

D = Days -}D+4 - 105 D+ 4 : 115 (af ter 3d ( af ter 3d D+4 - 65 - D+4. 79 g*

after opening. jD+5- 74 D'+~ '.5. - cleaning) cleaning) ~D+5: 68 D+5 75 - *'

of_ manholes- ; D+6- 95 D+ 6- - tubes heet: 130 tubesheet .
D+8 91- D+B" -- 140
D +11 - 89 D + 11 - - D + 3,4 100 D +3, 4: 100 "

t | .\' D+5. 82 D+5- 92 ,

|' | D +'6 90 -

i i

j February 1988 Before' cleaning - - ' - - 100 85 9

I
.

. 6
'

62 70 67 80 .j _ After cleaning 80 | 88-

t

Q3 an.. , ., r.-- , - , c, . . - - - , 8 _ . r._m - - . - _ _ _ _ _ . - _ - . _ . - - _ _ _ . _.o-. _
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Table 7-9 - DOEL~3 - SG B - RPC INSPECTION DATA ,

' INSPECTION ~ August 1984 June 1965 Jure 1986- ' June 1987 J ul y 1987 June 1988

-| 526 505 516 -| 775- 3234Number of. tubes 221
,

inspected

Proportion of. tubes 2. 2 % 24.2 %- 37.5 % 40.7 1 77 % a* 57.1 %
with (thru-wall)
cracks'

Samples size for NA NA 134 190 NA 210
crack growth (*)

crack length ,

i - distribution. Fig. 7-20 ' F i g. 7-20 Fig. 7-21 Fi g. 7-22 Fig. 7-22 Fig. 7-23~

- eaximum 3 9 f.35) 10 (0. 394) 12 (0.472) 15 ( 0. 59) 15 (0.59)
- average | 2.15 (0.085) '4.25 (0.167) 5. 4 10.213) 6. 9( 0 27) * * 7,15 (0,28)

- increase max. ! NA NA +6 ( 0. 2 3 6) * * * +6 (0.236) NA +8 ( 0. 3 2)
J. a v. NA +2 (0.079) _. +1.1 (0.043) NA +2.5 (0.13

ry' * cracks / section
A - distrsbution- Fi g.- 7-20 Fig. 7-20 Fig. 7-21 Fi g 7-22 Fig. 7-22 Fi g. 7-23

'

*

*" - maxamum - 9- 10 10 12 12
- average NA 3. 4 4. 3 4. 7 5. 5 ** 5. 7
--increase max. NA +6 + 3- 3 NA- +6- !

3a v. NA +1.65 : + 0. 5 NA +1.6 L

a

' (*)' number of tubes already cracked.'re' inspected after one cycle
(**) This figure.is biased because all tubes inspected were selected on basis of.a prior 100 %'

'

" bobbi n coa 1" . i ns pecti on
.

.

( * * *) - Thi s figure msght be biased because the 1985 data were obtained before shot peening. .;
,

' ?

I' ,

.[

f

v

9-

- _,E_- , -_a . , _ . . . 3.. _ . . - .t _ ...y7'. j 9_ - . . , ._4-j , _ , _

_ __ _ _ _ _ _ _ , _ _ _ _ _ _ _ _ _ , _ _ _ _ _ _ _ _ _._q,1, __p.. 9 n.. . _ . , . ._ ,_..a._,
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_ _ _ - _ - _ _ _ _ - - _ - _ _ _ _ - - _ _

CHEMICAL ANALYSES (F-18) DOEL 2 YEAR 1987
CYCLE 12 EVOLUTION OF PRIM. _ SECOND. LEAK.

LEAK (t/h) 30 ( spm .)

28 _ 0.12

26
. 0.11

2L -

0.10

22

b 0.0920

18
- . 0.08

.n 16 0.07

Y 5
g 3 14 . 0.05

7 12 . 0.05
w

'
_ 0,04 -

8
. 0.03^6

\j nI\ _ 0.02

/\, [ 4 /\/ \ .0.01i n L._Y _|Y hj~'~ ,~2 . m

Y^%'-|[ _ . _a__ %%_ . ,-._ ._ x , o
N;

,

g_ ,s 0.1 _

25_Sep. G _Nov. 14_ Dec. 23_ Jcn. 04. Mar. 13.Apr. 23_ May

.

DATE.
LEAK SGA - . ---- LEAK SGB

__ _______ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ . __
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m

CHEM! CAL ANALYSES (F-18) DOEL 2 YEAR 1987_1988
CYCLE 13 EVOLUTION OF PRM _ SECOND. LEAK.

LEAK (1/h) 30 lgpm.

28
0.12

26
; 0.11

24 ,
i L 0.10

22 n__

+ 0.09
20

0.08

m CJ

. g' 16 _0D7
31

14 0.06e u
cy

O
L, 0.05

R'O
_ 0 04

8--
0.03

416

_ 0.0 2 -
4

Q
A) g,g ,

2

% hm=% eeeWkbWdb w 0.O _ , , ,

22_Jul 31_ Au g. 10_Oct. 19_Nov. 29_Dec. 07_ Feb. 18 M er. 27_Apr. 06_ Jun.

DATE .

O TOTAL LEAK + LEAK SGB

.



DOEL 3 SGB LEAK DATA INFLUENCE OF ELECTRICAL POWER INCREASE ON LEAK RATES EVALUATED

BY DIFFERENT RADIOCHEMCAL ANALYSES (F-18.Nc-24.N-16)

110 (Lbm/hr)LE AK (Kg/h) 50.0

_ 100

_ 90
40.0

_ 80

_ ''O

30.0
jh tn

w 71
8 6 50
0 5' I

2QC , _ gna

A , / ',,
_ 30-

/

10,0 _ 20
|

,
' _ 10

0.0
- 0

0 20 .40 60 80 100

POWER */.

O F - 18 + No -24 + N - 16



DOEL 3 SG B & G LEAK RATES EVALUATED BY N-16 ANALYSES

~'LEAX(Kg/h) 45 (lbm/hr.)

_ 90
.40

60

35
9

70

3G
.

4 &e, = >2- _- m - or; , _ ,,
.

as

20 -

,g

15 30

10 . 20

fs
" " *"5 - ,v =+_ _| - -%--,~ ,- % 10

' ~
--

0 0
. , , . ,

20_Sep_87 10_Oct _87 . 30_Oct_87 19_ Nov_87

DATE
O LEAK IN Kg/h SG B + i_EAK 'IN Kg/h SG G
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DOEL 3 OUTAGE LEAK RATE EVALUATION IN SG R WITH THE PRIMARY WATER
AT 50*C

~<
1/h 30-

( g p rn . ) '
'28

As determined by baron
enctysis on the secontry26
sde Stop End of the 30bcrs

24 pruncry pressure testiroom
temperaturel.

22 stcrt:Of primcry pumps
' "''S' ** NM20
votar temperature to 50*C |

18 0.06
m
7 ;; 3 . 0.07

e 8 f,

$ 7 j14 006

12 ~ ~

_ 0.0 5

f _ 0.04 '

8 f
_0.03f 9

Wh; \|
s

.002
4

'

a step \N n __ wcEn 4 001
2 uw -- s 9
0 't u 01

09-38 19.12 04.48 14:2 4 00:00 0838
.

25.08.87 26 0S_87 27.08_87
DATE

ol/h

.. -.u _ _ _ _ _ _ . - _ . - -
_ _

..
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DOEL 3 OUTAGE LEAK RATE EVALUATION IN SG G WITH THE PRIMARY WATER
AT SOT

t/h 30 t gprn 1

0 Stap: Erd of the 30bors

As determined by boron 26 pruncry sressure testt

enctysis on the secondary room tempereturel
24 stcrt.cf princry pumpsside ,

to nrease the primcry
water tempercture to SC*C
0 093

18 A08

y 16 _ 0.07 L
y
: a

E' 14 _006y

~ 12 -
- 0 05

10

I b\ \ "'

/ { ( OD3
"

[ k st9tt k 002

[ b_ 0.01stop
2

0.0 :

09 38 19.12 04i4 8 14:2 4 00:00 09.38
i 25_08 87 26_08_87 27_08_87

DATE-

a 1/h

. ~



DOEL 3 OUTAGE LEAK RATE EVALUATION IN SG B WITH THE PRIMARY WATER
AT 50'C

t/h 30 [gpm.)

28 . 0.12

As determined by bc en 26 0Ucnclysis en the seconcery
sx'e 24' _ 0.10

22
7 . 0 09;,

'

20
\ 008;g .,__.

f . 0 07
15

5 Y
14 L0.06

\
.y

s M

$ E 12 - ODS
i

IC
p }.

0.04

'{ f k 0.03

i h f k _002
4-A i

Q2 (- ,031'
,

A 0-GGGenesu-e-s- u nar -

O'
i i

. i

0938 19 12 . 04:4 8 14:2 4 00 00 09-38
I 25_03 87 26_08_87 27.08_67

DATE.

a 1/h.

3

,

d

_ . . _ _ _. _ - m ._ _ . __._ _ _ . . _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ m-____ _ _ _ _ , - _ _ _ - ~ _:______-



, .;. . . . ~- . . -

,

i

1

\W
f\ o o o o o

M, N, ?,C D 4 m.t
6

$
m. o. a. ~ *s .. Hc ws s o 7s

% E 4\
\s \ @s N ,Ms NN g o
s A oa .s m- ~ s N g

- % -qs\e e a
\ '}\ \ \

's N i
\ \ \

t I

s $ q "-+ . -S ' *$
v.

\, gj \se-m
R

\ \ \ \ t
-

\ \ \ \

\ \ \ \ \:
\ \ \ \\\/

\ \ \ t .gt 17 1 \ \ ten s \?~ mc g
\ \ . l 2y.

\ \ g
n

\m = ,.21_ _ .! \5 _J
- -- 3=\

g \cv i m .u ' .me w-\ n ]i: : _\ e 5 \ V ** 7
et oo .g % % \ d."% g \ \ \

g
1,.

\{a ww

: \ \ \
m \E tt t \ \ i U\

f 5 % % i
\ \ \ce

v ,m o g

k \g50 2 \ 5 \ \ s -
t ___.__.3_ d .qu

r,8 4\ y'
3 c( AE.6 .

_______a -- --

u -

[ =,g<
, . 3,, y s

Li <a s
%f3 %

k~ L1 O
.p.

% CD c J r

4Q-{.tj .!

(N ar y
" N

.p

.~\ Jm s 9e + \ tq \ o'

c
\2 s m e

) 43h,_

.*; - n;m.-;= t
.,

.e-
,.-

u ~: e c -
t 2 1.21 ~

~""
.'t. ;, t. .: !;,

, . m,
t i ..a. l is 2- e f

3Oa w < g u

av .) --2cn- . , . . .. - - < g; o .

2v Lt~a2 -
c w - 2 - ou , QX b C C G ~w ey Q swg

| sg,

tu + o: =
*

cL v i
i .Io

S S S M R.
,, . , ,

ow
1
i

Figure 7 9

7-52 ;

. , . - . .



o o e a o a me, a, cy m , ., n, -

CX.: .. . - "
( ,,a p- .
m' - av o.';py,

S ;
. ,o~@e

I *
- gk E g[gg[2

s .s
. nq w_ _ s , pg- . :CL._-a wr.we.c

. < -

. tr a 4,. r- 3a. ,- e4 4
, >-

m / c4 q.g.g,y gy o,
- -

-

ca.a._.+,. o n: gg,._,_ . . ,. r
i - - .

,
,- i , i , ,

-,,
- ,c3 g2

s.n .

,

~
+ . , , a

y c . . . ''Qm' _
N'

* -

c e r. co m C
.s, m .

.
.c q n, -

a .t <. Q. l

4+
.,

o_. .

- e
i, s.,..1 . .

-s , , ~- e-
,

y ,7 .- g o a v.,a ,' r,.ft~
~

.s. n. _;
.

@ Q --
H o < n,

O ,p[ . , ; Y *'
4 ^ ^^ ^ ^. o f

w- . 44 __ aa -

c,, _ , m m ._pF qirw + -- -* eee enn n,P-
, j m, .,

.Y , -

t c F_4 o3 o ee*6 4%ry^ t< g;'
,

9 . s su s. azzsn, c, c. .

a . e,
. e- m ,~,L.r, .- -,i y

.
-- o 3 ,3 3 3 3e -./ wi m a a, ., ..

. - J.,3
n . , , ,m .,

[ j
~C|f

. c. k p 'g ,,r,he

f 'i 'Q
.

,.! 8, 6 Q**v g , g, g ,-

Q . .lb.h.s, ';N b * ' ' ' " ~*

a o - g4< a 4a.
,

.. .,r
o, ,j - . . . .

., ,

ax W.S.0 ,/ --

>,c bo
'

, ,vv v ,,D p ' 9-f4p
4 (V

m- . .-7 ,

>;ip, . or ou7 yy
n c >g. ne'

,e ' 'a, .. e
'| <.j h .M fc <.

O ' "N. ' ",1
p UgW ew , co u1

, ..
,

I
.

. :1 ?O -Q- . - . ._c..m e

3 <Nk
q.--, ,-.-.

,
.t i o aa c. W ea . e t

T~ \ C1 h Ch b E'i E E E
' ''

ob}
-

'$- Ie 3 ' '. m' ' n'
C W '

u g J,
o..

h .

qa
*f . ,u..; - - 1 -c

1, ,j j,,- a <ng q,. y opcg.g,u , , ,,

me. -.
a g,

~f[d
,. - 'r

t g,
g , c

..

e;
ngrk+1

u -o a

f,_, m.,.
.

y O- Oy- -

g(L
- c- -

g--e :, 4
'

a 5 ' ' ' i ;,

e
_rf.

,

_ 2 y, ue r. '< ,. c. s

Mn+ ;A.. Q. A .J- E \ t-

. 4 ._s
v-. - ra m w r !-

.

4. 4

Ad,Lq,46 . ' /b(,y*4-4,h_ O '
.I, <Tu

> u - .,s e
U1 r ,.7 g. -

i47 4-r,. [.* h' >'n
~ r.

e . , . t .,C,a" :. , L, e, .
,

uo a ' . . m," '
i*.. x ,,

+ tox<
- -

,o .

n.o.a.So
-

.
- A a

a ^^^^^x a <d .;
u O c s

a _;
.

C4, 2 oeo sw
, , . , e oet t t

.

Iul e --- - - - - ty--n .c g-.-
x m a n.c o n

u I g
-

p;. g< , maa2 3
. ...

i. ,' a 41 - ---. e |oa [po.
-g y

W <3 . ., n, ,., o y,s N. cm <a '

mm ,N.g -1 - e ,o m -

, .s, - tv e;

h
~

~~~""
v v v v v

u 2 ,

O f O W G @ G, @ G W |
G |ca n r rA m ci r- - -

Figure 7 10

7-53



- - - - - , - - - - . , . , - - - _,

3 b

C
j ,

6* 9a

..E g -'

t'
6i

t .

i +
, , g---

g _ . 4 . . p _-. -_{ __._ -,-|- ., _
i g g g g.

I E eEEE
i ! |

' '"
,

! i i I _'w'4 G H r a c) w
'"

-.---s.e G . - - . - -
-.n. - n. - -- 4 N'| no .[ c,< .

c,-)+t s

s . .,- . i_. .. N - . g.Q.A'

7
- u,:

-o 4 4, -- -

t i _
?

, , , , ,..,) - sv,

f 6 F s, <

l% ['_ Q - m o rw u7
- Qp' +

q _._ .. . j... ._{._4L1 , th - m - ---m
g[n

y n je 9.J +,. 3, j

g,.1 wei,

co 1 A,4
-

*, .__Lr,.g O4
v avaa-

> . ( Q l s. OF 1.n O m

%j
* o i >

p;. O -g)j y - II 4(j s
,

i a, _._ g,._fu g g g-fguqc ,., m , ,, ,
.

: u = _- , c xx so se+c+-

-.,M ,1' _ . 3 f '.. t'
Ui h444&4I 4-

/

O 7 g __d .,L' -1 g 3 3 3 3 3
u > W / .' '.gfj / . , '

, be, c ,147< [, %;l< ~#
.* m ey eev-

i ,-

a, rmy y +, . a u-,-~-

=
Y .c 4

__

4'-d.: t .n* '
f4 in cr
|A - [h },

>

3 8m 4 0 +0.-
r 2 .,, .

, g g 0 e. -

_ ._e u. ,
.I

_ '' EI. .I- [ 9* Q -j

>-- - p.IO [ y].+ x..try+odi cr,- a

g gM . .t g
oy

'A-to~1 a--t .

!.o J ty4 u,w m o i o . :. -Wc 'ty r 3'p# hkh. I

R~feSC >Gf '
N ' l J . 4j e

.

s

h.R ,. <J
-

o.A y,p - o.wo.. .so o c)i- 7 v
-

cc,o> in, ru s pa. ,,,
4F I4 4/

_. . . , (
' '.(I .

s t'
_c ?6C T T t. '

a- L-
.

E e, E G E

Z.T -

c h'.N " ' . 'E. _
' i l O GEGEE,

U P'3 - a _'y. ._ i

U
'i a ; t n. % g~ y

'
e- "

4 cf . ; o n is co O})'k' ; Q' #;-O';
O!~ 0+r.. I

.

i

ci8 ',t :.)
\ +3 41 Y r4[,

'

.j ~-

-. bg '3
-y - W :

in -s
- g g.y w .i

e i ;'y or a gg g..?qj,
,,

Sg
4, * $-

'i>Ctacm'? l F +cW.
<'

ca,
- a iiie ia_IJ .a o c.r. ,_

) .t - m u, r.. cn,J I ,.
~

i g
. . .1.g X -4G ,4

- go s

(.n}f
g') .x ;g t,ve e, ,

I n + 10 X <1\ +T I -{Q .
'-

s
c0 G

j|0g G --y s ,,,.,,

'

+. ,s cac) t. F. -.-.
$ t-W .I. ,II.A W H H H H

Q' ' .
#1
0; ~.i T I ' 'I

.,
u1 eooeo

ul -

N
__

. . - c n. ca .oooooa e
-

. fi '
'

3 33 3 3'> .9 . - -

. ' ' ^ ' eveee j
I 9 q

d 0 N 'O d m
,,, cg 7,, g 7,

.N' T m ar @ N *rM U'

& x <l ,I'A mm
M % - v v v v v

g g

O o G v1 :r~ G v1 O u1 Q u1
w

a n r m m m m - - 0

Figure 7 -11

7-54

- ._ - . _ _ _ _ _ _ - _ _ _ _ _ _ - _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -



m C ul O o O e C c
G<r s m m es N , -

- - ~ ' * ---g

4 '' C 4".3y
y < gFQqfj

3

-

g aa4;gs s f ,m- P,m, ,d
s

e6e6 e,e ,s -

4,3 -- , no - eC U y _ __ x .C a e r. m m a. m a ._
; -

r, % d ''<p- os - , . & - -

,' C

g,t/ 4,M-3 p , N+ a:
- . u-- m ,m c -.

,
C ~'i *~ ~'

- y_ I i t i i
_ ' ,f,/ Pr

,.
.;.. cit 1 oy -

<t c 4- Od H J-u _a w r.c m Q.

y a
U} Q

,_

|""
cu . - 5 ' i !.' m -

0
/, CO b U

Of, ED
M tj 0-O p D q

! I.C ~M ~$ O'Da-
,p $ g q ,6 fA

V
/2 a eqpg |,- at 4:. s s ,,

, o / ~n - 8b c
~' 4+ r > .b,

,

'~DH Q-4 - aa - a_ u Nu +' m.m -

g
<a. <a a,'- 4]';

aco m a.qm

$ ,[j/
4pa.a" w. , p c1i + eo+em -- .s3

t. .g'"-t:c L- e
. .c - ooooo

"im$ s G
, i - .4 % ). j 33jju - *

y <e. e. 13' m '.
E g '

M
_

g0 .i h., C ~'' -

/ _ a '<h -1 ~*~#'

0.7T - & N # m'

f {.-
t'c 3 93 ;cu ., 9orn

q ri r; m -, -z < c tp. .iep-

as A
. .9 _ :4 -

.-,+- 1 1, _ ,

o, ,,

svp. efr%tM)>+ g, ' W StN .ytyH . , y

JYL:
Wrd. n&rtlttCE:@~ 1$ - . ' a a

n -

U~N s a
q. ~ ' 9 gd e . g - c h~m ,,~ pw Hu, , m ,e

$
'

Q 1 ~ W;;r7 h ,
w

ta g n.
-e- a su -_ m L

; (~h% ~

.C^^ 2 W ,R
~

-f.{' $ ,.".;..n- - 0i- o
~** V r'* , L; a. e 1

+h 8, y''GP>-q '2i CIM.~
-t- m. m m m-

MuE~ k M;ErhH. E6266'- ^ .,o'1, , yh. m a s=es=a ,

$ s
e,

1; d N f[ I3 I
k

"" "

di@l <'::.01 4w:s;g. #_ m .4 i
- m m -r u,

y : m

e e om va ;s 0
eemo,

x 'e gum"m

,p fm J.dy
-

, tP C ''''I IU C '

3<a.q.j m*
W t'p tca m t. gor

g, m -

az < s .3 _ e, m ., ,.

h I' cd ' ik k[fNikN. f$--
'

~ E'

w.01. w-
44- w . . o .

.

, y a~ a~ - g
c11] OQQ Qf

~B 'n

. . 79 - q JF',,

4Dq. ~.sQg G J-
" jjjjj

, , . ., ., , , . ,.,

- y -t&; . M4+&a 1}? i y-e
G- d4 m n '.4

4_ | ca
co

_%ug,m< ica
, m_ c -e -_

't [y +* e m e 4 r.; a,
4 :

> vmm
, ,

f !
' p'

I
m.

,, 3 ~ .__t
y

.

j .
** M

g; ,, y yy , ,

O.-
i1 3 -1-

o ; , , 3

c. -.

Figure 7 12

7-55



[

_

0 0 0 0 0c, 5, 4 3 1
8

2
g f

. 7

S
N . s

g.h 2O t 7
n

I o ,

T m
I

eS ic 6
6

N v
3 r

$*
- e

A Bm mG S
S *R

4>
. - 0

~ G 6

T S

_ .

4
L

, 2L 5
.

O 3 s

me
.

7R ct lee .
e 8c. tee ~ d4r

a3 u

7_ J1
N - -

s3
s5I

2

S ys 4

reU ,e , re bT g r { .

A f=n 3g . fi 3rie 6

. m
s

3
awT gs

S 0
3

.

C hS*

n u4
1C ho.

cS
831. *

W =

P. 2
1

a "".

, . '
-

,c * 6

>n* =e .-g' er
0'.]

w N U 0 0, 0- . g
- -

' 3 2 1

m.* wg C

*
.



TYPICAL GRAPHIC DISPLAY OF RPC - ECT DATA PRODUCED BY THE
COMPUTER ANALYSIS FOR EACH CRACKED SECTION

( Roll transition of a Tihange 2 tube is ittustrated )
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Figure 7 -15
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TillANGE 2 - SG 1 - Cracks /section distribution - DAM /21
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TIIIANGE 2 - SG 1 - Length increase / year for dam /21
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DAM /21 refers - to the transition between last hard and kiss roll.

Figure 7-.17
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DISTRIBUTION OF LENGTH AND NUMBER ;l

0F CRACKS IN ROLL TRANSITION (DOEL 3.) l

# OF CRACKS ON SECTION 21-DAM
DOEL 3 SG B
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Figur e 7 - 20
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DOEL 3 - SG B * l.S.I. JUNE 1986
DISTRIBUTION OF THE CRACK LENGTH (UPPER ROLLS)
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Figure 7- 21(a )

DOEL 3 - SG B * 1.S.I. JUNE 1986
DISTRIBUTION OF THE NUMBER OF CRACKS (UPPER ROLLS)
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Figure 7- 21( b )
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DOEL 3 - SG B
DISTRIBUTION OF THE CRACK LENGTH (UPPER ROLLS)<
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DISTRIBUTION OF LENGTH AND NUMBER
,

OF CRACKS IN ROLL TRANSITION.
( JUNE 1988 (NSPECTION.)( DOEL 3.)

DOEL 3 - SG U - Length distribution dam /21
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DOEL 3 - SG B - Length distribution dam /21
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DOEL 3 BOBBIN C01L AND RPC EC7 INSPECTION

(june 87 / population of about 200 cracked tubes in SC-B).

4

CORRELAfl0N OF BOBBIN COIL SIGNAL A.4PLITUDE WITH
NUMBER OF CRACKS AND MAXIMUM CRACK LENGTH (as
measured by R P C)

e

Signal amplitude
(V)
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*

+ 0 = 10 ) ;jiij + 16 18)'"

.
., ;t(939) '+

10
' ONLY THE SIX IARCEST.

SIGNALS ARE ILLUSTRATED-s

;;;;; (wlth values of n'and L) j'-

8
'""

99 % REMAINING $1CNALS - ''iiiii
' ' |""'

ARE VITHIN THE INDICATED -
SCATTER BAW'

6 ;

; I

;

?a
''

4
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4
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!!!!!!!it :|,,

. .,
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2 E i.

;!ili
3

.

n . L (mm)'
- '

0 20 t.0 60 :80- 1CO - 120 '140 160.
*

n = number of cracks in roll t'ransition
L = length of longest crack

Figure 7-26
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.DOEL 3 BOBBIN Colt AND RPC F. C T INSPECTION -%-
'

#

(june 87 / population of about.200 cracked tubes in SC-R)

CORRELATION BETVEEN NUMBER OF CRACKS AND NAXIMUM CRACK LENOTH
(bobbin coil signal amplitude used as parameter)

i
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Section 1
,

INTRODUCTION

The purpose of the present addendum to EPRI report NP-6626 is to

document the large experimental program conducted by BELGATOM, since

, . the early 80's, to establish the critical dimensions of defects in

eteam generator tubes.
.

This program addressed mainly through-wall cracks, in either the axial'

or circumferential direction, and established their critical length.

under a variety of configurations.

Several Inconel heats of 7/8" or 3/4" OD tubing as well as other

materials in the same size range were used to verify the applicability

of the theoretical plastic analyses (bulging factor,-net.section'

stress, ...) and to correlate their characteristic parameters to;

measured material properties.

Particular emphasis was put on quantifying the reinforcing effects

provided by structures such as tubesheet (for axial cracks), tube

support plate, and flow disbribution baffle (for circumferential

cracks).

'

This provided a reliable data base for calculation.of critical crack

- sizes under actual steam generator conditions and was used to support

. the establishment of new plugging limits for the Belgian plants.

! 4

.I+
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Section 2
,

DESCRIPTION OF TESTS

i

The DELOATOM experimental program involved several sub-programs.

(further detailed under Sections 3 and 4) which are designated i

hereafter as

- programs Al through A4, for axial cracks

- programs Cl through C3, for circumferential cracks.

The general structure of the program is detailed in Table 2-0.

The test samples used for these (sub) programs are defined in this4

Section,

i
'

2.1 MATERIAh8

Materials included in the test program are :

- Inconel 600 (2' sizes x 9 heats)

' Austenitic stainless steel SA 376 TP 304'(2 sizes)-

I - Austenttic alloy AL-6X-HT (25 % Ni/20 %' Cr/6 % Mo) ]
.. -l

- Ferritic alloy SEA CURE (2.5 % Ni/26 %'Cr/3 % Mo/.5 %.T1). j
I
,

Dimensions and mechanical properties are given in Table.2-1. I
l

I
*

i- In order to cover a wide range of mechanical properties and provide a
'

' broad. theoretical basis for extrapolation to cases ofJpractical

interest, the materials in the test. program were not limited to
-

Inconel.

For the first programs (A1, A2), which were oriented 'towards a basic
- understanding of the behaviour of axial cracks and of the correlation

of the." flow stress" with.the conventional yield atrength (YS) and.

. ultimate tensile strength-(UTS), it was considered appropriate to

A-2-1
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measure those propertion in the direction of hoop atronnes responsible

for axial crack opening and extension; thus Y8 and UTO were measured

from flattened transvorse tenolle specimenn. Itowever, it soon became

clear that the unconventional transvarae tensile toot was

inappropriate for general use; thus in order to derivo data specific

to the Inconel material, the usual longitudinal properties (available

from mill certificates), were systematically used for correlation with

the flow strena (programs A3 and A4).

2.2. GEOMETRX

The 8 sketches in Fig. 2-2 illustrato the various typen and locations

of defects machined on the test specimeno, namely :

- Through wall axial glectrodiochargo machined (EDM) slita or
natural (fatigue) cracka

- Through wall circumferential EDM or laser cut olita.

Tables 2-2 (a) through 2-2 (k) list all the test piecca according to

defect type, number and length of defecto, and the various sealing

nyatoms used (an described in Section 2-3).

The slita (produced by EDM or laser cutting) are about 0.2 mm wide,

the corner radius at tip being 0.1 mm. In a few canos (program C2 and
' 4 opecimens from program A4), the slita were machined with an. increase

in width from 0.55 mm (circumferential flaws) to 0.8 mm (axial flawa).

For circumferential flaws the tip fronto were initially aligned;-this

resulted in some variation of the crack length acrono the wall

thicknens in programa C1 and C2. Later on (program C3), a more

elaborate EDM procean' allowed the. flaw tipo to be-radial (with a

constant flaw length).

An a general. rule, for test specimens representative of the " free

,
span" of a SG tube, any defect was at least 60 mm distant from a

discontinuity such an another defectEor the SWAGELOCK end fitting.

When two olits are machined in one specimon, they are sometimos

idertical and situated in orthogonal planco (oketch 4).

A-2-2
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This geometry makes it possible to observe the deformation of one

defect (at pre-critical conditions) after the unstable propagation of

the other (at critical pressure). The bursted portion of the tube is

then removed and the shortened test piece is further pressure tested

until the burst of the second defect occurs.

While in the latter case, the two defects were located in different

planes to minimize any possible interference,'a different topology of

aligned defects was used to compare the behaviour "next to" and "away

trom" the tubesheet discontinu'ity (see sketch 6). In this case, the-
collar around the test specimen eliminates any mutual influence while

the flaw alignment minimizes the influence of other factors (such as

wall thickness which might not be uniform along the tube

circumference).

As to the test-specimens used to correlate mechanical properties

(program A2), the lengths of flaws were calculated to be " equivalent"

to 20 mm for a 7/8" O.D. (th. 1.27 mm) tube, from :

R.t 1/8

2 C = 20 mm . ( ) S.47 ((Rt)=

R. . t.

where : R = mean radius

t = wall thickness

For specimens used to evaluate the sharpneos of flaw tips (programs A2

and A3), E.D.M. slits were lenghtened on both sides through cracks

initiated by a fatigue test bench (pressure cycling).

The fatigue crack propagation proved difficult to control and, in some

' cases, the' extended defect opened up sufficiently to permit the

sealing system to extrude at:a pressure well-below the critical value.

When the plastic deformation was excessive, the specimens could not be

resealed and were lost for further testing.

A-2-3

,

- w -,m- = y rs ve m. v,ye---wma n .-earm - a w w w . e r- i- e e e ,--a w4 e-%.-e.w ,,-5 -,yi--.,-= .,>=m '-.,wt ee e =a -** t



- . . . - ~ ~ ------- - - _~.. . . - . . - . . - - - . - - , . _ . - _

1

|
|

a l
!

1

1
'

2.3. S_8%INd SYS'ITM,

^

Several sealing systemo were used to restore the leak tightness of
Iopecimens with through wall flawa. The main dimenolono and

characteristica of the flaws are listed in Table 2-3 (a).

Seal 1 - a brass patch. 0.2 or 0.3 mm thick and 10 mm wido, glued with

a silicone compound; (Fig. 2-3; aketch 1)-

Seal 2 - a copper patch. 0,3 mm thick and 25 mm wide, backed by a non

reinforced plastic hose sealed at both endo of the test

specimen with a silicone compound; (Fig. 2-3; sketch 2)

Seal 3 - similar to mode 2, but patch width reduced to 15 mm;

Seal 4 .no copper patch; the plastic tube sealed as fer modes 2 and'

!. 3.
Sealu 5 and 6 - the opportunity to get plastic tubes with an external

diameter equal to the inner diameter of the specimen
i made it possible to seal tightly without the use of'

silicone.

Seala 5 to 10 - the burnt prosaure of the specimena was reached.

without installing a metallic patch to prevent the
i-

premature rupture of the plastic hooe.

Sealo 11 to 14 - the same system ao for Seal 2 but the brass patchou

| lead different thicknesses and widths,

f Sealo 15 to 17 used a different, simpler and more efficient way to

innure leak tightness between plastic hose and Inconel tube; conical

metal inserts were used at both ends.to expand the plastic hope in

tight contact with the metal tube. For seala 15 and 16, a thinner but

stronger ateel patch was used; in come casco (mentioned in the test

result tables),.it was necessary to une two auch shima (total

thickneos about 0.25 mm)'. Seal 17:could only.be used-for relatively-

low critical prennureo; the fiber-reinforced plastic hose proved more-

reoistant than the combination of two standard hoses (seal 10)~but was
.

only available to fit the 7/8" OD tuben.

Seal 1 was aimed to minimize interference with the specimen behaviour;

it did not reach the tube burst prennure because of premature rupture.

I

!

!

|
A-2-4-,
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Deal 2 wan natia[actory but wan modified into uyotomo 3 and 4 (for

ahort cracks only) to reduce interterence effects.

For nealing systema 1 to 14. the leak tightnens of each test piece was

systematically checked at a 6 bar prounure. Leaks renulting from a

lack of adherence between silicone and the tube wall frequently

occured. Some rare tailures of neals were also observed at the
beginning and during the course of teating. This required removal of

the specimen from the test rig and building a new seal.,For sealing
system 15 and beyond, leak tightness problemo were usually not
observed.

.

The swelling of a plastic hooe exposed to gradually increased internal

pronoure in recorded'in Table 2-3 (b).

The mechanical-characteristico of the metal patch were checked-in two

cades

copper plate : yS = 241 MPa
UTS = 302 MPa
A = 11 %

ateel atrip : UTS = 1200 MPa.

1

3. 4. It:ST_ RIG

Different types of tent rigo were used in pressure tents, all were

baned on quasi-atatic, cold-water pressurization.

The first program (A1) used a volumetric pump (17 1/ min; manually
adjuntable head up to 400 bar) with direct presouro reading-from a

large scale manometer.

The next programs (A2 + Cl) used a sophioticated system consisting of
a' power operated' air-water pressure amplifier.(as shown in Fig.'2-4
(a) ). The pressure was measured using a piezoelectric gauge connected
to a multi-channel analogic recorder.

For programa A3, A4, C2, and C3, a simpler, manual high pronoure (s
660 bar) pump was used, with either analog reading (C2 only) or

,

+ analog recording.digital reading

A-2-S-

- . _ _ . _ _ , _ _ , _ _ , , _ _ _ , . _ _ . . _ ,_



In all cases the tent specimens were connected to the test rig by

means of standard SWAGELOCK end fittings

In order to evaluate the Offect on critical burst pressure of

restraining geometries such as tubesheet or flow distribution baffle

-

special tools were designed to constrain the test-specimen, the(FDB),

description of which is given below.

Tubesheet constraint was simulated by either

1 : two half collars bolted together around the test specimen so as to

leave practically zero clearance.

2 : a full collar, slipped around the test specimen, with minimum

clearance and maintained in the desired position by a SWAGELOCK

fitting.

3 : a full collar, slipped around the test specimen, with minimum

clearance and maintained in the desired position by mechanical

roll expansion of the tube.

4 : a tull collar slipped around the test specimen, with diametral

clearance within the tolerance range applicable to S.G.

manufacturing (0.2 mm to 0.6 mm), and fixed by mechanical roll

expansion (either by "underrolling" or "overrolling").

Modes 1 to 3 depicted in sketch 1 of Fig. 2-4 (b) have been used on

test specimens with the intended flaw (s). For mode 4, shown in sketch

2 of Fig. 2-4 (b), the flaw (s) can only be machined (EDM) after roll

expansion (to avoid non-representative opening of the flaw and,

especially, stretching of the crack tip adjacent to the collar).

Axial flaws were located at various distances from the simulated

tubesheet (including partial length engagement within the collar).

Circumferential flaws were systematically located at 6 mm (1/4") from

the face of the simulated tubesheet.

Lateral restraint (from Elow Distribution Baffle - FDB - and/or Tube
Support Plate - TSP), was simulated by a special test rig, adjustable

to the various geometries under consideration (7/8" or 3/4" OD, SG 'l
model 51 or D4).

A-2-6
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Fig. 2-4'(c):shows a general assembly of this test rig with an !j
installed 7/8" OD specimen. The test rig consists of'a main frame (as

detailed in Fig. 2-4 (d)) and four relocatable lateral restraint sub- ]
assemblies (as detailed in Fig. 2-4 (e) ). j

Two restraint subassemblies were used to. assemble and fix the two half
collars simulating the tubesheet. The two other. subassemblies were

used to simulate the FDB and the TSP; These was consisted of plates

with machined holes at the appropriate tube to TSP or FDB clearance'

(usually larger for FDB than for TSP). A different set of collars and'

plates was used to fit the tube diameter (7/8" or 3/4"); the plates-
.

location was adjusted in accordance with the geometry specific ~for

ea.:h type of steam generator; an of fset can be imposed to the plates'

(as illustrated on Fig. 2-4 (c) ) prior to testing. A specially
"designed load cell (using strain gages) can be adapted to the TSP /FDB'

"'

subassemblies in order to perform restraining force measurements.

Thus, this flexible mock-up allows full scale simulation of any actual

field configuration.

2.5. TEST PROCEDURE

Tlua pressure was slowly rained until burst; in case of seal failure, _a ,

retest was performed with a stronger sealing system.

For instance, specimens exhibiting sealing system 1 failure were

refurbished with sealing system 2 which consisted of a wide patch that

bridged the deformed slit area (widened slit, bulging).

In some cases, the crack extension under burst pressure was

sufficiently small to permit the specimen to be resealed and retested i

(with the initial slit length increased by natural cracks at both
3

ends).

For program A1, the pressurization was halted at a few intermediate

pressure levels (scheduled at about 70, 80,_and 90 % of the expected

burst pressure) to allow for visual examination and the following
<

geometrical measurements :

,
- flaw width, at mid span on the O.D. surface

A-2-7 s
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- Crack Opening Displacement (COD) at both ends of initial slit.
'

(Fig. 2-5 sketch 2)

- to: axial flaws, diametral extension (oulging) of the tube in
,

the center of the slit (Fig. 2-5 sketch 1). ;

For safety raasons, measurements requiring close visual examination
3

were taken only after releasing the pressure to less than 50 % (and i

frequently to 0). This approach did not' affect the accuracy of results

because the elastic' restitution remained very small with_ regard to the

large plastic opening stretch of'the flaw.

Specimens equipped with two defects were retested-after the removal of

F the ruptured portion and the earlier measurements were made again.

After dismantling the tested specimen from the rig, the following

measurements wereEperformed :a

- COD at both' ends of initial slit, by summation of the
ruptured ligament widths.on both sides of the tearing crack;
only-the mean value of these two measurements was recorded. ;[

s

- overall crack length

H
- crack contral opening (width measured at the inner and-outer

surface bias and bext in Fig. 2-5 sketch 1).

- overall tube deformation : bulging at the center of-the
defect, ovality at defect tips,.andideflection (see-sketches

,

in Fig. 3-2 (a)), (the bulging,is taken as the larger of '

diameters e 1 and e 2 as shown in Fig. 2-5 sketch 1).

- in some cases the leakage area, available through close-up
photography of the cracked section.

While the two first measurements were performed almost systematically

for all program phases, the others were' essentially limited to program

Al which was more of a phenomenological nature.

However, some other measurements were also performed as'a function''fo

the increasing' pressure, depending on the particular program

objectives.

- ,

- Program C2 involved measurement (manual recording'of gauge.
reading) of

lateral displacement of unrestrained specimens.

axial elongation of restrained specimens
;

.

A-2-8
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Program A4 Ifirst subset)- involved meacurement (manual--

recording of gauge reading) of.the tube bulging

,

Program C3 involved measurement (analog' recording) of'either-

the maximum lateral deformation.(subset 1)'

.

5 ' the lateral load on the restraining plate (subset 2)
.

^

Additionally,-:the deformed profile of the test specimen was sometimes- '

.

measured in the " post mortem" condition.

>

It should be noted that the simple pressurization (manual pump) used

U for all later-phases of the program involved significant pressure ,

fluctuations. Although these may slightly affect the ultimate value1of

critical pressure (thus contributing to_some data scatter), they were.

not considered an undesirable feature as similar' fluctuations.could
5 also be expected to occur also under actual steam generator accidental

conditions.<

|

4

.-('

.

!
!
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i
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Table 2-0

-!
BELGATOM EXPERIMENTAL PROGRAM E

'

GENERAL' STRUCTURE

PROGRAM- SUBSET CRACKS MATERIAL DIAMETER PERIOD MAIN OBJECTIVE

AX. CIRC. Inconel Other '//8" 3/4" Other ~

,

i
A1 - X X - X.'

- - 1980-81 phenomenology
b model validationi

::,

A2 - X X X X X. X 1982-83 - phenomenology4

flow stress
'

>

- characterization

A3 X X - X - - 1987-88 LBB of Ni plated tube.

A4 1 X X - X - - 1987 preliminary - study ofy
2 X X - X - - 1988 statistical tubesheet

Y~ 3 X X - - X - - 1988-89-
'

) direct.
influence

.g 4- X X - - X - 1989 verification -

i C1 - X X - - X~ -- 1982-83 phenomenology

i C2 -. X X - - X ~- 1987 preliminary . study of '

lateral .

C3 1 X X - X' - - 1988-89
'

) represent'ative - restraint
- 2- X --- X - - .

~

X - 1989 mock-up

.:
.>

t
4
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Table 2-1

DIMENSIONS AND MECHANICAL PROPERTIES OF MATERIAL SELECTED
FOR THE TEST PROGRAM

MATERIAL LOT TEST DIMENSIONS YIELD STRENGTH (1) TENSILE STRENGTH (1) A (2)

(INDEX) N REPORT (mm) YS (MPa). UTS (MPa) %
.

outside wall recorded mean recorded mean.
d.iameter thickness

(M1)
Inconel-600 22.3 1.27 376 696 33
7/8" O.D. 387 701

398 706. 33.7
Program n A1

(M2)
'

> Inconel 600 20 185 G40/01099 22.15 1.35 364 635 40.7

f 7/8" O.D. G40/01099 350 618 41.3'

s 34,539 358 337 631 609 40.0

C Program n'A2 35,667-1 322 569 44.4
-2 292 590 46.7

(M3).
Inconel 600 9 866 G40/01099 19.05 1.15 332 544 35.3

,

3/4" O.D. (3) G40/01099 409 689 35.3
34,539 433 382 695 676 36.3

Programs n' 35',667-1 401 647 35.3
;.''

A2 and C1 -2 335 656 '37.5

(M4)'-
*

Inconel 600' 9,787 34,539 19.05 1.05 437 704 3 0 ~. 0 -

3/4" O.D.' 35,667-1 362 392- 606 651 35.0
.-2 378 644 37.5

Program n'A2

(1) Mechanical properties measured on transverse 1 test-speciisens-machined from rings cut from;
tubes.

L(2) Elongation'in 5.65 (S
730 MPa.: YS = 425 MPa UTS(31 - Longitudinal properties ' (f rom W Blairsville_ mill ' cer t.ificat ' ' =

.

,.i.,

~
~
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Table 2-1 (cont'd)

DIMENSIONS AND MECHANICAL PROPERTIES OF MATERIAL SELECTED
FOR THE TEST PROGRAM

MATERIAL LOT TEST DIMENSIONS YIELD STRENGTH (1) TENSILE STRENGTH (1) A (2)
(INDEX) No. REPORT (mm) YS (MPa) UTS (MPa) % .?

outside wall recorded mean recorded mean
diameter thickness

(MS) *

AISI-304 G40/01099 19.1 1.2 289 607 49.3
'

3/4".O.D. G40/01099 342 619 51.'3
- 32,192 408 334 669 633 50 ;

Program n*A2 34,539 334. 707 -55.6
35,667-1 299 565 50.0

T (M6)
.

+

| M AISI 304 32,192 20.9 2.65 369 720 50.0
| d 1/2" Sch 40 - 402 723
| 3'4,539 434 727 61.7

"

Program n A2j .

I :.

1 (M7)
| AL"6X-HT G40/01099 20.1 0.77 554 739 13.3

25 Ni/20 Cr/ - " 585 603 696 758 14.7
6 Mo 32,192- 639 -805 14.6
Program n A2 34,539 632- .792 18.5,

|
'

t (M8) G40/01099 20.0 0 . 7.1 569 -654 15.3
SEA-CURE. 557 590 666 686 '16.7

"

2.5 Ni/26 Cr 32,192 638 717 13.1 ,

3 Mo/.5'Ti. 34,539 596 707 20.8
'

Program n'A2 ;

(1) Mechanical p~roperties measured on transverse test-specimens machined from rings cut from ~ i

I, . tubes.
| L(2) Elongation in 5.65./S

|

|:
..

.

'
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-!Table 2-1 (cont'd)

DIMENSIONS AND MECHANICAL PROPERTIES OF MATERIAL SELECTED -

FOR THE TEST PROGRAM

MITERIAL LOT TEST DIMENSIONS YIELD STRENGTH (1) TENSILE STRENGTH (1) A (2) ,

(INDEX) No. REPORT (mm) YS (MPa) UTS (MPa) %

outside wall
diameter thickness t

Inconel 600.
71 692 mill 22.22 1.27 292 701 42

'

(M9) .

certifi-
'

7/8" OD cate
Programs VALLOUREC
A3, A4 and
C3

(M10) 74 749 LABORELEC 22.22 1.27 184 596 38

> Inconel 600 (3) (division
E 7/8" LOD .

C)
~

4 Program A3
w

| (Mll) 71 383 mill 22.22 1.27 276 655 50
Inconel 600 certifi-
7/8" OD cate
Program C3 FINETUBES

__

(M12) 70 699 mill 19.05 1.09 346 740 44
Inconel 600 certifi-
3/4" OD cate
Program.A4 VALLOUREC a

and C3

(M13):
Inconel 600
3/4" OD-- UNDOCUMENTED STOCK MATERIAL
Program C2

(1) . Mechanical properties measured in.the longitudinal' direction.
(2) Elongation-in--5.65 (S
(3)-Material'(M11)'+ thermal heat! treatment.

|

t
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Table 2-2 (a)

GEOMETRY OF TEST SPECIMBNS
PROGRAM A1 (Ti!ROUGil WALL AXIAL FLAWS)

MATERIAL DEFECT GEOMETRY SKETCH SEALING TEST-
Lef. N*. SYSTEM PIECE
Table TYPE LENGTH (cf. (INDEX) N*.
2-1) (mm) Fig.

2-2)

M1 7 opecimana with 15 1 1; 2 1
1 flaw 20 1; 2 2

" 25 1; 2 3-
35 1; 2 4,

1 50 1+b; 2 5
70 1+b;2 6
70 2 12

.1-

5 specimens with 12:12 4 2; 4 7
2 flawa 15:15 2; 4 8 s

20;20 2;'3 9 L
35;20 2; 4 10'
50:20 2 11

'

1 ovalized speci-' 20:20 5 2 13
men (11 %) with,

2 flaws

|

..

2

,.

|-
'
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Table 2-2 (b)

GEOMBTRY OF TEST SPECIMENS
PROGRAMS A2 AND C1 (THROUGil WALL FLAWS)

MATERIAL DEFECT GEOMETRY SKETCH SEALING TEST-
(cf. N*, SYSTEM PIECE
Table TYPE LENGTil (cf. (INDEX) N*.

2-1) (mm) Fig.
2-2)

M2 2 specimens with 18:18* 4 5-10 0

2 axial flaws 20:20 4 9-10 1

1 specimen with 20;20 3 8-8 23
2 parallel axial
flaws + 1 isolated
flaw 20 10

M3 2 specimeno with 16.5; 4 12 7

2 axial flaws 16.5
16.5; 4 12 8

16.5

4 specimeno with 15;15 7 - 9

2 circumferential 30;31 7 12 10
flawa 20; 7 11 11

21.5
23;23 7 12 12

M4 1 specimen with 16.5; 4 6 24
2 axial flawn. 16.5*a

n11ts increased in lenght to 19.7 and 20.3 mm, respectively, by*

fatigue crack propagation :
1.162.000 cycles at frequencies ranging frcm 3.75 to 7.5 Hz
partitioned as : 432,500 at 5 to 10 < p < 55 to 60 bar

592,000 at 15 ( p < 50 bar
137,000 at 20 < p < 65 bar

Crack initiation was observed after 72.000 preneure cycles at one
~

tip and after 89,500 cycles at the other.

excennive fatigue propagation resulted in useless, deformed**

specimen.

A-2-15
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Table 2-2 (b) (cont'd)

GEOMETRY OF TEST SPECIMENS
PROGRAMS A2 AND C1 (Ti!ROUGli WALL FLAWS)

MATERIAL DEFECT GEOMETRY SKETCli SEALING- TEST-
(cf. N SYSTEM PIECE.

Table TYPE LENGTli (cf. (INDEX) N'.
s 2-1) (mm) Fig.

2-2)

M5 2 specimens with 16.5 4 12 13
2 axial flaws 16.5

16.5 4 12 14
16.5

M6 2 specimens with 27.5 2 14 15
2 axial flaws 27.5

47.5 2 14 16
27.5

M7 2 specimens with 14.5 4 7 17
2 axial flaws 14.5

14.5 4 7 18
14.5

1 specimen with 14.5 3 7 22
2 x 2 parallel 14.5
axial flaws 14.5 3 7

14.5

M8 2 specimens with 14.5 4 7 19
2 axial flaws 14.5

14.5 4 7 20
14.5

1 specimen with 14.5 3 7 21
2 parallel axial 14.5
flaws

i
i

|
|

.|

|

'
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Table 2-2 (c) )
!

GEOMETRY OF TEST SPECIMENS |

PROGRAM C2 (TilROUGH WALL CIRCUMFERENTIAL FLAWS)

MATERIAL DEFECT GEOMETRY SKETCH SEALING TEST- ,.

(cf. N*, SYSTEM PIECE
Table TYPE LENGTH (cf. (INDEX) N*.

2-1) (deg. Fig.
of arc) 2-3)

M13 1 specimen without 0 - - 1

flaw

7 flawed specimens 180 8-1 16 2
180 3

180 4

180 8
-------------- ---------- - .

105 8-1 16 S

105 6
.

105 7

,

I

|
,

A-2-17
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Table 2-2 (d)

GEOMETRY OF TEST SPECIMENS
PROGRAM A3 (THROUGH WALL AXIAL FLAWS)

MATERIAL DEFECT GEOMETRY HKETCH SEALING TEST-
(cf. N*. SYSTEM PIECE
Table TYPE LENGTH (mm) (cf. (INDEX) N*.
2-1) Fig.

| Fatigue 2-2)EDM

M9 unplated 16 - 1 15 2
15.9 - 7

-,---------------------------------------

16 18 1 15 33
16 19.5 36
16 19 37'

--------------------------------------------------

Ni 16 - 1 15 1
plated 16.3 6-

15.9 - 8
16.1 - 9.
16- - 10
16 11-

-----------------------------------------

16.4 18 1 15 5
12 12 + 18
12 12 + 20

'
12 12 + 23-

; 12 23 24
1 12 12.5 25
| 12 14 26
| 12 12.5 27

12 15.5 28
16 18 35
16 17 40,

[ 16 17 43

M10 Ni 16 - 1 15 3
, plated 16 - 4
| 16 - 5

16 - 6
16 - 7
16 - 10 "

L Noten

1) For easy reference, the specimens are noted
Ni for M9

bNia for M10L

where i is the test piece number
2) For all specimens,.the initial EDM flaw was machined only part

through wall (remaining. ligament.in the range from.-0,2 to.0.3 mm);.
through wall penetration was obtained by fatigue cycling to
minimize the crack width and allow representative nickel plating.
In a number of cases, this fatigue cycling also initiated cracking

A-2-18
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Lin the axial direction (the extended length is' quoted as the. i

" fatigue length"). A typical cycling sequence-is given hereafter'
'

.;
(from test specimen No. 33) i

. initial EDM flaw length : 16 mm
E remaining ligament thickness : 195 pm

10.500' cycles between 0 and 70 bar (resulting in first leakage)-
14.000 cycles between 0'and 70 bar
13.400 cycles between 0 and 65 bar q

final fatigue crack length (measured after tube z
bursting) : 18 mm

- fatigue crack width (max) : 7 pm

i

!

;
i

.)

~..

]I
J

s

g

I
;
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Table 2-2 (e)

'

GEOMETRY OF TEST SPECIMENS
PROGRAM A4 - SUBSET 1 (THROUGH WALL AXIAL CRACKS)

MATERIAL DEFECT GEOMETRY SKETCH SEAL- TEST-
(cf. N LING PIECE.

Table TYPE DISTANCE LENGTH (mm) (cf. SYSTEM N .

2-1) FROM TS Fig. INDEX
(mm) Total Outsi- 2-2)

de TS

M9 INFLUENCE O 12 12 1+ 15 1

OF TUBE- 0 12 12 mode 1 2-
SHEET 0 12 12 3

(TS) 0 16 16 5
0 16 16 6
8 16 16 7

16 16 16 8
0 16 16 9
0 16 16 11
8 16 16 12

-4 20 16 14
0 20 20 15
0 20 20 16
0 24 24 17

~8 24 16 18
'

-8 24 16- 19.
0 24 24 20

---------------------------------------------------

REFERENCE - 16 - 1 15 4
- 16 - 10
- 16 - 13

Notec !
1) For easy reference, the specimens are noted Pi where 1 is the test-

picco No.
2) Specimen dimensions are given in Table 2-2 (k)
3) Indicated " mode" refers to tubesheet constraint, as defined by-

Section 2.4.

,

A-2-20

.- . - - - - _ . - . _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ - _ - _ _ _ _ _ _



, , . -. . .- . , . . -

d

Table 2-2 (f)

GEOMETRY OF TEST SPECIMENS
PROGRAM A4 - SUBSET 2 (TilROUGil WALL AXIAL CRACKS)

< ,

1

MATERIAL DEFECT GEOMETRY SKETCH SEALING TEST-
N SYSTEM- PIECE(cf.

_

.

Table TYPE DISTANCE LENGTil (mm) (cf. INDEX N'.
2-1) FROM TS Fig.

(mm) Total Outsi- 2-2)
de TS

M9 INFLUENCE 8 19 19 l'+ 15 1

OF TUBE- 8 19 19 mode 4 2
SIIEET 8 19 19 (gap = .3
(TS) 0 19 19 0.4mm) 4

0 19 19 5
0 19 19. 6

4 __________________________________________

0 19 19 1+ 15 7
0 19 19 mode 3 8
0 19 19 9

- 19 38- 19 10
- 19 38 19 11
- 19 38 19 12
__.____-__-__-____________-_______________

0 19 19 1.+ 15 13
0 19 19 mode 1 14.
0 19 19 1+ 60(2)
0 18- 18 mode 2 Yl8G1
0 18 18 Yl8G2
0 18 18 Yl8G3

' - 6 24 18- Y24C1
- 6 .24 18 Y24C2
- 5 24 19 Y24D1
- 5 24 19 Y24D2
- 5 24 19 Y24D3
__________________________________________

- 5 24- 19 1+ 15 Y24F1
- 5 24 19 mode 3 Y24F2

1) Indicated " mode" refers to tubesheet constraint, as defined by
Section 2.4. >

,

'
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Tablo 2-2 (f) (cont'd) )
I

GEOMETRY OF TEST SPECIMENS '

PROGRAM A4 - SUBSET 2 (TEIROUGil WALI, ARIAL CRACKS)
,

MATERIAL DEFECT GEOMETRY SKETCil SEALING TEST-
(cf. N SYSTEM PIECE I.

Table TYPE DISTANCE LENGTil (mm) (cf. INDEX No.
2-1) FROM TS Fig.

(mm) Total Outsi- 2-2)
de TS

:-
4 M9 REFERENCE NA 16 NA i 15 50'

16 52
16 54
16 61
16 Y16B1
16 Y1682

'16 Y1683
18 Yl8G4
18- Yl805
18 F7 -
18 F8 3
18 F9
18 F10
19 15-,

19 30
19 '51 '

19 53 i #

Noten :
1) For easy reference, the specimens are noted Pi', where i l's the

tent-piece N (N already beginning with a. letter are left. .

unchanged)
2) Specimen No. 60 had no backing device (the collar was forced onto

the tube with a small ofegative clearance) *

3) The flaws of test specimens F7 to F9 were machined to'0,8 mm in
width, with a prior hydrostatic expansion of 0.2 % (residual-
plautic deformation) for F7 and F8.

,

I

|
|

>

4

l

|

;

|.

1
'
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Table 2-2 (g)

GEOMETRY OF TEST SPECIMENS
PROGRAM A4 - SUBSET 3 (T11ROUGil WALL- AXI AL CRACKS)

MATERIAL DEFECT GEOMETRY SKETCH SEALING TEST-
(cf. N SYSTEM PIECE.

Table TYPE LENGTH (mm) (cf. (INDEX) N*.

2-1) Fig,
outsi- next to 2-2)
de TS TS

M9 INFLUENCE .15 17 6+ 15 1

OF TUDE- 15 17 mode 4 8

S!!EET 15- 18 (gap = 3

(TS) 15 18 0.6 mm) 6
17 19 4

17 19 7
17 20 2
17 20 5 .

-------,- -------------------------------

15 17 6+ 15 l la

15 17 mode 4 2*
15 17 (gap = 3*
15 17 0.2 mm) 4*
17 19 5*
17 19 6*
17 19 7*
17 19 8*

,

Notes :
1) For easy ref erer.ce, the specimens are noted Di, where i is the I

test-piece number. )
2) The number engraved on uniu test specimens is 75315/1 for the first |

set of 8 and 75316/1 for the second set of 8. H

3) Indicated " mode" refers to tudesheet constraint, as defined by |
Section 2.4.

|

|

>
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Table 2-2 (h)
'

GEOMETRY OF TEST SPECIMENS
PROGRAM A4 - GUDSET 4 (THROUGH WALL AXIAL CRACKS)

MATERIAL DEFECT GEOMETRY SKETCH SEALING TEST-
(cf. N'. SYSTEM PIECE
Table TYPE LENGTH (mm) (cf. (INDEX) N'.
2-1) Fig,

outsi- next to 2-2)
de TS TS

M12 INFLUENCE 12 14 6+ 16 1
OF TUBE- 12 14 mode 4 2
GHEET 12 15 (gap = 3
(TS) 12 15 0.2 mm) 4

14 16 5
14 16 6
14 17 7
14 17 8-

-----------------------------------------

12 14 6+ 16 9
12 14 mode 4 10
12 15 (gap = 15-
12 15 0.6 mm) 16
14 16 11-
14 16 12
14 17 13
14 17 14

i

Notes :

1) For reference in summary tables., the specimeno are noted Ki, where
1 is the tent-piece number.

2) Indicated'" modo" refers to tubenheet consttsint, ao defined by.
Section 2.4.

|

i

4 .

f.

I

|

t
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. Table 2-2 (1)

GEOMETRY OF TEST SPECIMENS
PROGRAM C3 - SUBSBT 1 (THROUGH WALL CIRCUMFERENTIAL CRACKS) ,

1

MATERIAL DEFECT GEOMETRY SKETCH SEALING TEST-
(cf. N SYSTEM PIECE.

Table TYPE LENGTH (cf. Fig. (INDEX) N '.

2-1) (deg.) 2-2)

M9 NO LATERAL 120 8-3 15 29
RESTRAINT 120 and/or 62
(flaw at 150 17 26
6 mm from 150 31
TS) 180 22

'

180 25
210 27
210 28
240 '23
240 24

Mll LATERAL 210 8
RESTRAINT 270 11
AT TSP 300 1
(1100 mm) 300 2
---------------.-----------------------------------

LATERAL 180 8-4 15 4
RESTRAINT 180 and/or 12
AT 210 17 5

FDB 210 6
(500 mm) 210 (15) *
TSP 240 7
-(1100 mm) 240 9

270 3
270 10-
300 13
300 14

Machined flaw (width = 0.55 mm) / used for testing methodology.*

I

a

1

i
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Table 2-2 (j)

GEOMETRY OF TEST SPECIMENS
PROGRAM C3 - SUBSET 2 (TilROUGil WALL CIRCUMFERENTIAL CRACKS)

MATERIAL' DEFECT GEOMETRY SKETCH SEALING TEST-
(INDEX) N SYSTESI PIECE.

(cf. TYPE- LENGTl! (cf. Fig. (INDEX) No.
Table (deg. of 2-2)
2-1) are)

M12 No LATERAL 165 8-1 16 4 |

RESTRAINT 165 5 1

(flaw at 165 11 )
6 mm from l

'

TS)
-----.---------------._-.-----__.._--------_-----,--

LATERAL 270 8-1 16 7
RESTRAINT 270 8 )
AT FDB 270 + offset 9

'

(150 mm) 10 mm |

offset 6270 -

20 mm
300 7-1 1,

300 10
300 + offset 3

10 mm
300 + offset 2

20 m.m
----------------------------------...--------.-----

LATERAL 270 8-2 16 18
RESTRAINT 270 20
AT TSP 300 19
(900 mm) 300 22
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . . . . - - -

LATERAL 270 8-2 16 17
RESTRAINT 300 21
AT EDB AND

| TSP

A-2-26
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Table 2-2 (k) cj
j<

PROGRAM A4-~ SUBSET 1 1
DIMENSIONAL, CONTROL 1

:

!
.

'!
TUBESHEET INFLUENCE - PROGRAM A4-1- SAMPLE DEFINITION T|

.. !

~3
'. lj

i

0 ^'

D 03 04 E2

_1 L__e -_,

L d4- -.
;

Specimen 1 d 01 02 D3 D4. El E2

1 12 0 22,24 22,25 22,50 22,25 .' 1,'3 4 1,31
2 12 0 .22,26 22,23 22,42- 22,25 1,25 1, 2 5 -'

3 12 0 22,24 22,21 -22,34 22,24 1,24- 1,28'
4 16 22,25< 22,30 22,22 22,21 1,26 1,30a

y

5 16 0 22,24 22,28 '22,20 22,24 1,32: 1,32' 1
6- 16 0 22,24 22,27 -22,23- 22,25 1,28, 1,31

~

'7 16 8 22,23 22,27 22,16 22,20 .1,32 1,28
8 16 16 22,26 22,24 22,23 22,23 1,26 1,29;
9 16 0 22,26 22,24 22,23 22,24 1,20 1,28

10 16 22,28 22,23 22,21 22,26 1,28- 1,28-=

11 16 0 22,24 22,26 22,21 22,22 .1,28 1,28-
12 16 8 22,25 22,22 22,21 22,26 1,32 1,31
13 16 * 22,22 22,23 22,23 '22,23. .1,30 1,28.
14 20 -4 22,28- 22,24 22,28 22,28 1,29 1,26
15 20 0 22,26 22,26 22,21 '22,20 1,27' 1,25
16 20 0 22,22 122,21 22,19 22,23 1,35 1,32 |
17 24 0 22,26 22,23 22,23 22,24 1,32 1,32

.,

18 24 -8 22,23 22,27 22,19- 22,24 l'26 1,28 j,

19 24 -8 22,24 22,22 22,21 22,24 1,26 1,28 1
20 24 0 22.23 22,23 22,16 22.24 1,28 1,32' l

-|
'|
_-,

d
1

~1

.I
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Table 2-3 (a)

DIMENSIONS AND CIIARACTERISTICS OF SEALING SYSTEMS

Patch Characteristics
P

Sealing system Plastic tube Material Thickness Width Sealing
Index Dimensions (mm) (mm) Material

| 1 No . Brass 02. to 0.3 10 Silicone
i i

2 ? Copper- 0.3 35 Silicone

'3 ? Copper 0.3 15 Silicone

4 ? No No No Silicone *

5 20 x 16 (th. 2) No No No No,

i I
' " 6 17 x l2 (th. 2.5) No No No No ;

w
*

7 16 x 12 (th. 2) No. No No Silicone
*

,

| 8' 18 x 14_(th. 2) No .No No Silicone
|
|

|- 9 18.5 x 12.5 (th. 3) No No No Silicone *

i
10 18 x 14 + 14 x 10 No. No. No Silicone -

'

(th. 4) .

:
11 14 x 10 (th. 2) Brass 0.2 20 Silicone- |

|
12 16 x 12 (th. 2) Brass 0.2 20 Silicone' '

-13 14-x 10 (th. 2) Brass 0.3 20 Silicone-

14 -- 14 x 8-(th.'.3) Brass 0.3 20- Silicone

~

t

l.

5

i:

' < r; ._-m., -

x- ,_a , ~ , _ _
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Table.2-3 (a) (cont'd)

DIMENSIONS AND CHARACTERISTICS OF SEALING SYSTEMS
4

,

4

-

4

Patch Characteristics

Sealing system Plastic tube Material Thickness Width Sealing
a

Index -Dimensions (mm) (mm) Ma te ri al--

,

.15 18 x 14 (th. 2) . Steel 0.13 to 0.15 15- Pressure insert
.

16- 16 x 12 (th. 2) Steel 0.13 to 0.15 15 - Pressure insert-

'

*,

E 17 18 x 14 (reinforced) No No No Pressure insert

: E
e

a

k

-

4

$

4

,
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Table 2-3 (b) I
!

SWELLING VERSUS INTERNAL PRESSURE ,

OF A PLASTIC 110S8 (16 x 12; th 2 mm) |

The diameter was measured in.:Lsections '

Pressure lat 4 2nd 4 -3rd-4
bar (mm) (mm) . ( pim ) -

0 16 15.5 16.0

0.5 16.2 15.8 -15.8

1.0 15.8 16.0 '15.7

1.5 16.0 16.0 16.4
4

2.0 16.8 16.8 16.8

2.5 17'0 17.0' -17.0.

3.0 17.2 17.2 17.3

3.5 17.9 18.0 18.0

4.0 18.0 18.0 1:8.0

4.5 18.5 18.5 18.8+

5.0 19.5 19.3 19.0

5.5 20.2 '20.2 20.0

6.0 20.8 20.4 21.1

6.5 21.2 20,9 22.0

7.0 22.0 22.5 22.5

7.5 23.5 24.0 24.0

8.0 25.2 25.0 24.8

8.5 28.0 27.0 28.0

.;

A-2-30
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220 to 250, ,

g o
" Note (1)N

( 7.) *w

250 d Not eg2 )
6

gann- /
( 3. ) -- 90 *

__ 60 _t [
_

l 250
-

, /
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[[| _60 _| 60
\= ' '220 to 250 /

~..
4

i,

.q._. - . . .g_. .
|

Q2 20Lldr.CLil!LQf_LQM..nclihis_.

Notes (1 ) The specimen is notched like sketch 1

(2) T he ot her side of t he specimen is either smooth ( No. 21 ) or
has only one slit ( No. 23 ) or two parallel slits S mm oport (No.22 )

|
|

Figure 2-2 Types of Test Specimens. ]
|
|

|
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/ Profile of notches
- ~ ~~~

uf ter tube owliantion-

1 0,3

Collar

|- - { ~| | 60 _|--

_|
(6.).

'

i | (/
|_ 250 L. . ._. . _ .i
,

_
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8

I- 7 L-

~# I -~
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fl |

% i_ B0
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250 I
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F~ --~] pam -

I j IJ
_ . . . _ __ . . . . , . ._,(g) j ,

i I

L _.. _ . _ . _ . *
14 0 - \ Collar-

L --e

0 D. L(mm)

8.2 1120
'~ N-)~~8.1 3/4" 370 to 400

'

8.3 7/8" 250 %
B_4 1300

,
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WAT EP ANALOGIC R ECOR DER.
TANK.

|
i
i

Monometer
600 bars

O
>
0

! 6 PRESSURE AMPLIFIER.AIR.
" '3 3COMPRESSOR

Piezoelectric
!. AIR. WATER. 9'"9'

! '

!- 0 -- 7 bars 0 - 7 bars. 0 - 791 bars. .Q
_ _ _

Crain vot e

!-
l'
t

' Pressure- Monometer
reducer. 600 bars

|

| ' Figure 2-4(a) Test rig
i
I'
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Figure 2-4(c) Lateral restraint test rig

General Assembly with test specimen

illustrated for'7/8" OD tubing (Model.51 S.G)
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Figure 2-5 Measurements of tube deformation |
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Section 34

i TilROUGH WALL AXIAL CRACKS
4 <.

.

3.1. THEORETICAL MODEL-
t

3.1.1. Plate _ theory

! If we consider a through wall crack of length 2c in an infinite plate-

subjected to a uniform tensile stress o,*

'
- a brittle fracture will be predicted by LEEMA when the stress

1 intensity factor Ki = o /(nc) reaches a critical value Kie
(" fracture toughness");

i - a plastic collapse will be predicted by limit analysis when
the not section stress in the plane of the crack reaches an
ultimate flow stress value.

i
Assuming an elastic - perfectly plastic material and the so-called

"Dugdale strip yield model" - Goodier and Field-(1), Burdekin and,

4'
+ Stone (2) entablished'the following formulation of the crack tip

opening displacement COD':'

.

(8cy/nE) c In see (no/2cy) (3-1)-6 =
,

.

In this formula or denotes the yield-strenght and E is the-Modulus of

elasticity.

According to the COD theory, failure will. occur when 6 reaches a
4

4 critical valuo 5c.

Hence,
.

b

(8o,/nE) c.In cec (n oc/20,) .(3-2)$ .
6e =

.
_ _ . _ . . . . . .

LEEM : Linear-Elaatic Fracture Mechanics' *

:
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t

=

or, conversely

(2or/n) arc cos exp (nE6e /20, ) (3-3)oc =

- For small values of o/ov or of 6E/co, Eq. 3-1 reduces to-:

6=08nc/ Eor = K8 1 / Eo, (3-4)

and, as 6e= K8:e/ Ear the critical-condition reduces to the

classical LEFM formulation Kt = Kt e . That is the reason.why

,

Eq. (3-1) is often written as :

(8or s/n)c in sec (no/2cy) -(3-5)Ka i =

o

Under plano stress conditions and limited amount of yielding-

at the crack tips, failuros will still be predicted by
Eqs. (3-3) or (3-4). Ilowever, unstable fracture might be
preceded by stable crack growth under monotonically
increasing load. Under such conditions, only the initiation
COD value (denoted 63) is considered to be f ully reliable.-
Eq. (3-1) has also been shown experimentally to be valid only
up to about 6 = 0.25 mm.

- When gross yielding occurs, the COD formulation is.no longer-
| valid but the collapse load is predicted as o = o '. The shaper
1 of-Eq. (3-2) can nevertheless be retained as a transition
'

fitting curve between the fracture mechanica:and collapse
load extremos. by making changes as follows.:. '

i

6e Eo, /o* nc = 8/n* (or/o)8 in sec-(no/2cy) '|'

|
or

nSr/(8.(In sec (nSe/2))**8 ' (3-6) jKr =, -

u'

with 1

Kr = o . (nc/Eov 6c ) * i 8 ' = Ki/Kse LI=
<

J
and y

.. i

o/or
'

' Sr u

'

4

|r
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!
- For low plastic strain,_ rupture is predicted by fracture '

mechanics at Kr ' = 1.

~ For large plastic strain, rupture'is predicted by limit R

analysis at 3r = 1.

- For intermediate conditions, rupture is expected according.to
Eq. (3-6).

It can be shown that Eq. (3-6) can be replaced (to-a 5 % accuracy on

the o value) by :

Kr = 1 for E6/ orc s 0,75

Sr = 1 for E6/oyc 2 6.5

3.1.2 Pipe theory

Retaining the elastic, perfectly plastic material model, the' critical j
i

length of an axial crack in a pipe can be directly derived from the 0;.
plate theory by considering the stress magnification factor induced by. f|p
the " bulging effect", which is often expressed as a function of the- - ||

/

non dimensional parameter

0.85

A = (12 (2 - V8 )) c//(Rt) = 1.8 c/((Rt).

where V-is- the Poisson's ratio, R the mean radius of the pipe and
t its thickness

3.1.2.1. Through wall' crack

IiIn'the elastic range, the stress intensity factor Ki is multiplied by
~

a factor m, first calculated by Folias (3) and often referred to by-

his_name, for which refined numerical values have been further

calculated by Kronk (d)-up to'a value of A equal t'o 10. _
, . .

Figure 3-1(a) illustrates the various analytical-expressions that can-

be-used.

-!

A-3-3
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The initial Folias law

0.52

(1 + 0.5 A ) (3-7)ma (1 + 1,62 c2 /Rt)* 8 a

used by Kiefner and al (5), although still.often used, has been

recognized to be overconservative. Valid numerical data have been

further approximated by the following expressions :

0.S

m= [1 + 1.255 c8/Rt - 0.0135 (c8/Rt)*] (3-8)

whien on simplifying gives

1 4 0.5

(1 + 0.387 h - 0.00129 h ]o=

used by Schulze et al (6)

or :

0.866 c/((Rt) -m = 0.614 + 0.386 exp (~ 2.25 c//(Rt)) +

which on simplifying gives (3-9)

0. 4 81 h -m = 0.614 + 0.386 exp (- 1.25h) +

proposed by Erdogan (1).

As can be seen from Fig. 3-1 (a ) , Eq.(3-8) cannot be used for h > 8;
Eq. (3-9), while not validated for h) 10 (no data available),

. exhibits a consistent. linear trend and will thus be further used in
this paper.

In''the plastic range, Erdogan (1) used the yield strip model to-

calculate COD as a function of o and used the asymptotic behaviour of

the calculated curve to define the collapse stress, which appears to

match-or/m closely.

In conclusion, the plate theory can be directly-extrapolated to the

cylindrical geometry _(vessel or pipe) by replacing a by'm o.
_

~

The applicable formulas are thus.:

6= (80,/nE) c in sec (nmo /20,) (3-10)-

A-3-4
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and, at failure,

(8 o /nE) c In sec (nmoe/20,) (3-11)Se = r

Eq. (3-6) remains valid as a general transition curve.

Remark : the factor m considered above is applicable to the membrane
stress. A different factor applies to bending stresses but is
generally neglected; this appears fully justified when
failure is preceded by extensive plastic deformation at the

, crack tip.

3.1.2.2. Surface cracks

A semi-empirical expression has been proposed by Kiefner et al (2) for

a surface crack of depth a. This amounts to replacing m in Eq. (3-11)

by :

1 - a/tm
(3-12)m, =

1 - a/t

t

'
i

Again, the yield strip model used by Erdogan (1) can be used to

support Eq. (3-12). y

3.1.3. Strain hardening materialo

The assumption of elastic-perfectly plastic behavior of course does

not apply to most real materials.

Real materials may cabibit considerable strain hardening and a

correspondingly high ratio o. /or of. ultimate tensile strength'to yield

strength.

|
'

'

.Most authors have circumvented this difficulty by substituting, in Eq.

(3-5), or with a " flow stress" or.

Thus,

(803r/n) c In sec (nnoe /2cr ) (3-13)|- K8 tc =
>^

-I
,.

'' 5e = (8 oi t/nEoy).c In sec (nmoe/20t)

s
'

A-3-5
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|

or, conversely,

.

(20e/mn) are con exp (- nEoy 5e , 8 08 e c) (3-14)oc =

', where m is defined by Eq. (3-9) for a through wall crack or is'
replaced by m, an defined by Eq. (3-12) for a partial
penetration crack.

or may take any value totween or and o. in order to beat fit the

experimental data. The most frequently used correlations are :

7_0 MPa (10 kni)ce = oy +
;

for carbon ateels (aeo (' ) and (8)), andj

,

'
0, +k (ou - or I with 0.3 5 k $ 0.40: =

'

for austenitic stainlesa ateola (see (2) and (10)).

It should be noted chat Eqs. (3-13) and (3-14) can no longer be
,

transponed to a nuberitical loading condition.

Eq. (3-6) still remaina unchanged as :

-o.s
Kr = . .( ti / / 8 ) Sr [1n see (nSr/2)],

,

but-with

Kr .* Kt /Ki c a mo/(itc/Eo ber

Dr = mo/or

,

In fact..this in a special application of a. general approach

originally developed'by Downling'and;Townley and often used by the

British CEOD as a "two parameter ~dosign curve" ( 1.1) .

Fig. 3-1(b) illustrates this curve, which in a failure locus dividing q
the plane into a " safe area" and an "unaafe area".n

A-3-6
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- For'a particular material and geometry, the ratio Kr /Sr is a
-

- constant

-|
o.s

k= (no' r c/Eo,6e )

. and defines the slope of a " load line"; increasin'g o will' move the

representative point ( Kr ; L') along thia'line, from the safe towards

the unaate area.

Io allow easy drawing of the appropriate load line, Fig. 3-1(b)'is"

provided with 2 scales :

- general graduation (constant k)

- graduation in c/6e, applicable to any material with

* 0" r /Eov 0.06;#

t

this value is typical for Inconel and very ductile' steels.

3.1.4. Incone1 S.G. tubin.g
~

In the early 80's, when BELGATO>l tirst adressed the problem of,

critical crack size in steam generator tubing (PWSCC detected in Doel

2 roll transitions), there1was no literature available.regarding the

c' . applicability of the above theories to this particular case. For

F instance, there was practically no informatio about

- small diamotor pipes (< 3'' dia.)

- Inconel-material-(flow stress) of any size.

Based upon'a reasonable estimation of 6e = 0.5' mm for the criticalf COD.

value and the-crack length range of practical. interest.(2.c $ 20 mm),-

the index used in Fig. 3-1 (b)~(c/6e-_$ 20) shows that.only the.

collapse; failure modo need be considered, i . e . oc e-or/mL'

The remaining uncertainties were essentially;related'to'

confirmation of'the~ bulging factor m to be used and; more.--

precisely, i ts ' dependance on the c//(Rt) :-paranieter-

establishment.of the. flow stression applicable to Inconel+
_

and, more precisely itu dependance on the conventional-
mechanical-proporties,(YS and UTS)'.

.
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3.1.5. In[.luence of tubenheet corlfiDemoni

All of the above considerationo are applicable to defecto located in

the free span of a tube; more precisely, they apply to atraight runs

but can be extrapolated to large radius bonds without much loss of

accuracy. Ilowever a significant conservatism would result if the tube

geometrical environment was not taken into consideration.

If the tube la surrounded with zero clearance by a resistant structure

(such ao in the case of the expanded area in the tubesheet), there is

no more a critical crack size as unstable propagation is prevented

because the load in taken over by the surrounding structure. This is

also true if the clearance is less than the precritical bulging

deformation of the crack. This is the case for.through wall cracks,

the length of which is entirely within the thickness of the tubesheet

(when tubes are only partially rolled at the lower end), the flow

distribution baffle, or another tube support plate.

When the crack extends outside the confinement, there is still a

reinforcement effect, raining the critical pressure (or increasing the

critical length) beyoad the "freo span" value; the actual critical

pronouro of a crack partially extended into a confining collar will

fall betwoon that of the full crack length and the protruding length

of the crack as a function of gap value.

Only the extreme cases (infinite and zero gap) can be evaluated on a

theoretical basis.

For an axial crack located entirely outside but adjacent to a zero gap

confinement (such ao a roll transition crack at the top of a full

depth expansion tubesheet), there is also a reinforcement effect.

Ao the tubesheot's constraining effect on the crack tip (farthest'away

from the TS) is the controlling factor, a semi-quantitative knowledge i

can be derived from the radial deformation of a locally prosaure l

loaded tube.

A-3-8 'J
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According to Roark~(ift) (Table 30, case 12) the order of magnitude of

=the radial deformation at a distance x from the built-in section is
,

(p/4DY ) e> p (- y x)6, ,

where
1 2 2 1/Iy

-Y=(3 (1 - V )/R t }
3 2

"

D=Et / 12 (1 - V ) with V = Poisson's ratio

reducing to*

e = 6r/R = (pR/Et) exp (- 1.28x//(Rt))

or
-t

t = t. exp (- 1.28x/(Rt)

I

where

e is the residual constraining offect at distance x

e is the maximum constraining effect.at confine'ent outlet. |m
g

(x = 0)

Rt is the product of the mean radius by the tube thickness.
'The following tentative conclusions can be drawn
|

- similar reinforcing effects (relative' increase of critical
pressure) are' expected.for distances'(and crack' lengths) ,

normalized to /(Rt) |

- .the reinfotcing effect is expected to." die out" exponentially
with distance (orforack-length). For a crack adjacent to the
tubesheet, it is not clear, however, whit fraction of the
crack length should be considered in -tt.e exponent; if half
length is assumed,-the reinforcing effect shou)d decrease as

-

,

exp-(-1.28c//(Rt))
.

l

- the. reinforcing effect should be sigatticant for-
t/t. > 5.10-8, leading to e < 2.3 ((ht). This should-be
observable for crack lengths up to an order of magnitude of
2ee 4.5 ((Rt), i.e., a range of about 17 mm for SG 3/4" to
7/8" OD tubing.

A-3-9
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3.2. F1P .E Blf1EKI LL_P R OG R MIS _AN IL,T E S T_R E S U LT S -|]

3.2.1. Obleglivgs

The experimental program condncted by BELGATOM involved four

, consecutive phases with the following specific objectives :

' ' - Program A1 : validation of general theory for small diameter
Inconel tubing.

I

1- limited to through wall flaws in a single heat-of 7/8" OD.

Inconel tube
main results presented at the 6th SMIRT Conference (Paris,.

1981) (13)-
- Program A2 : extension of program Al

other materials and diameters in order to investigate flow-
.

stress dependance on conventional mechanical properties,

parametric investigations (effect of notch sharpness,,

multiple flaws, residual stresses, partial penetration
cracks)
main results presented at the 7't SMIRT Conference.

(Chicago, 1983) (11)
;

- Program A3 : leak before break (LBB) behaviour of Nickel-
plated cracked tubeo

within the frame of a. general R & D program for SG tube,

repair by Nickel plating, conducted jointly by BELGATOM and
FRAMATOME

. completed in 1988'

- Program A4 :'effect of geometric confinement (tubesheet or
tube support plate)i

completed in 1989.>
.

! 3.2.2. Program Al

The first program involved Material M1 with test-pieces N*. I througho

15 (see Table 2-2 (a) ),

c The test resulto are listed in Tables 3-2(a) and (b)~and further
detailed in Figs. 3-2(a) and (b).

3.3.3. Procram A2

The second program intended to define the tube plugging limits-for the

' SG's at Doel 3 and 4 and Tihange 2 and.3 in agreement with the-

requirements of R,0. l.121. An a consequence, that program focused'on

1

A-3-10
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the definition of critical dimensions of axial through wall flaws, as

a function of the specific SG characteristics.

Special attention was given to the dependance of critical defect sizes

on :

- geometrical characteristics (diameter and thickness)

- mechanical properties (namely yield strength YS and ultimate
tensile strengh UTS)

in order to allow reliable extrapolation to other sizes (in the same

ranp0) and mechanical properties.

This was made possible by selecting other materials which experience

large plastic deformation prior to rupture (austenitic stainless steel

type AISI 304, ...).

That program was condneted on Materials M2 to M8 (see Tables 2-2 (b)

and 2-2 (c)). The test-results are listed in Tables 3-2 (c) and (d)

f and further detailed in Figo. 3-2 (c) to (1).

3.2.4. Procram A3

According to the Leak Before Break (LBB) principle, a crack that would

have a critical length (leading to unstable propagation) under the

most unfavourable accidental conditions (main steam or feedwater line

break) should be detectable by a large loak (in excess of the

" technical specification" allowable limit) under normal service

conditions.

As the nickel electroplating process, which was jointly developed by

BELGATOM and FRAMATOME as a repair method for PWSCC in SG tube roll

transitions, involves deposition of a thin leak tight layer of ductile

material on preexisting tube cracks, there was a potential concern

that nickel electroplating might unfavourably affect the desirable LDB

feature. In order to eliminate this concern BELOATOM conducted an

experimental program from 1986 to 1988, to establish that the LBB

behaviour still was in force on the repaired tubes. Detailed resulte
,

of.this program are the common property of BELGATOM and FRAMATOME and

cannot be disclosed within this report. However, all of the burst-data

obtained on either the nickel plated or reference unplated samples are

A-3-ll
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| reported below. These program reoulta are of special intercat' because

a significant proportion of the test namplea contained fatigue crack

extennion of the initial EDM flaw.

28 sampleo, from 2 different 7/8" OD Inconel heats and 14 samples from

one 3/4" OD Inconel heat, were selected from this program and

considered relevant to this report. Table 3-2 (e) lists the sample4

characteristico and the corresponding teot resulta.'

3.2.5. Program A4

When it became evident that PWSCC continued to propagate in the roll

transitions of the full-depth rolled tubes at Doel 3 and Tihange 2,

the reinforcing effect of the tubesheet was investigated in order to
'

increase the applicable plugging limit.

A preliminary program (ouboet 1) conducted in 1987 on a set of 20

sampleo yielded conclualve results. Ilowever, the large scatter of data

points did not allow an accurate quantitative assessment

(Fig. 3.2 (j)). The tube bulging was recorded as a function of

pressure; the comparison of curves recorded in Fig. 3.2 (k) and

3.2 (1) clearly illustrates the constraining effect of the tubesheet.

Later, when the longest site defects were approaching the contemplated

plugging limit, the program. was resumed (in 1988) as'follows :

increase of the number of test camples with single defects,-

in order to provide a better statistical representation
(subset 2).

- Direct verification by use of test specimens provided with 2
flawa, the ahorter one in the free span and the. longer one
adjacent to the tubesheet, the difference in' length being in
the range of the expected equivalent' burst pressure (subseto
3 and 4).

In addition the half collar assemblies used initially were-replaced by.

full. collars to improve the representativity of tubecheet almulation,;.
,

-the tube was either force fitted or actually rolled into the collar
1

I'

!

|
|

|

l
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1 with'either the minimum or maximum clearance allowed by the

manufacturer's specification.

l
Tables 3-2 (f) and (g) list the sample characteristico and tent;

resulto for the 4 program subsets, j

3.3. DISCUSSION OF RESUbTS

3.3.1. PhenomeDo.lo4Y

3.3.1.1. Failure Mode

For all burst testa (a ' total of 155 flaws), the reported critical
4

prosauro corresponds to unstable crack propagation; at this pressure,
,

there is an instantaneous crack extension of several mm at both ends
[-

of the initial flaw (Fig. 3-3 (a) sketch 2). Crack propagation was

arrested by the immediate pressure drop of the uncompressible cold
water; the release of the elastic energy stored in the metal pressure.

boundary cannot sustain a larger propagation (as would be the case for

hot water or gas prosaurization).

The axial propagation nometimes endo up in some circumferential
deviation (this behaviour seems to be material dependant and was

seldom observed on Inconel)..

I-
I However, for Inconel samples in tubesheet nimulations, the flaw.tip _;

adjacent to the collar usually failed in the circumferential4

1 direction. ,

For EDM flaws, no stable growth took place before bursting;-this was

i observed, depending on the test series, by '

f

- visual observation and/or video recording of the flaw
| behaviour during pressure build-up. ,

[ - visual (optical) examination of samples at intermediate
#- pressure levela close to the final burst value.

I - final examination of the-unfailed flaw for those samples

{
-containing two identical defects,

However,'a small crack initiation (less than-0.1 mm long and not.i

i extending through the entire wall thickneso) was observed in a few .I
' caseo.'For fatigue cracks, a more significant, but otill small, amount

i

,

A-3-13
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of stable crack propagation was occasionally observed to precede the

unstable bursting.

Fracture appearance was typically ductile, with 45' shear lips and
3

significant wall thinning (similar to the cracking in a conventional

tensile test); Fig. 3-3 (a) sketch 3 illustrates a cross section at

the tip of an arrested crack.

3.3.1.2. Plastic Deformations

In all cases, large plastic deformations were observed prior to

criticality (Fig. 3-3 (a) sketch 1); deformations were initiated at

valueo au low as half the critical pressure; they include

- local blunting of the flaw tips, or Crack Qpening
Displacement COD, increasing up to a fairly constant failure
value of about 1 mm for EDM flaws and 0.8 mm for fatigue
cracks.

- flaw opening (with a maximum central width of a few mm) and
increasing leak area.

- tube " bulging", with a large increase of the diameter
measured'at the center of the flaw (Fig. 3-2 (h)); this may
lead to contact with a aurrounding structure (such as tube
support plate or tubecheet in an unexpanded area) and prevent
any critical (unstable) condition when the pressure is

'

increased further.

I Ultimate tube failure (flaw unstable propagation) was further

characterized by

- " fishmouth" shaped deformation of the crack area (Fig. 3-3'
(a) sketch 2 and Figs. 3-2 (b); 3-2 (c); 3-2 (1) )

- general bending deformation of the tube (the center of
curvature being on the crack side) (Fig. 3-2 (a)-)

- tubo noction ovalization at both tips of 'the (extended) crack
(Figo. 3-2 (a); 3-2 (d) ); surprisingly, the. minor axis of'
the deformed section' lies in the crack plane. This also means
that the observation of ovalization in a steam generator tube
rupture (in a tube bond, for. instance) should differentiate
between that present in the component before rupture and-that'
caused by the rupture.

3.3.1.3. Se311ng Patch Behaviour

The sealing system exhibited a variety of behaviours at.the time'of

failure.

.

1
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Occasionally the sealing system did not fail (while the crack

propagated to some extent in an unstable manner); the plastic membrane
remained leaktight and the plastically deformed metal patch remained
in the tube.

More often than not, leaktightness was lost through perforation of the-

plastic membrane; the metal patch might either

- -be extruded (without any tearing) through the opening crack;
this is the usutl behaviour for the longest cracks

- tear along the crack (in the longitudinal direction); this
was often observed with the softer (brass) but thicker shims
used initially (programs Al and A2)

- tear across the crack (in the circumfential direction); this
was usually observed with the stronger-(steel) but thinner
shims used later in programs A3 and A4

- show a coabined pattern of axial and circumferential tearing
components (a less often occurring but not exceptional
behaviour)

It was not possible to correlate the sealing patch behaviour with any

significant variation in the burst pressure value.

While the friction action of the metal patch introduced tangential

loads that interfered with the tube failure process, this influence

was mainly observed in the (sometimes large) scatter of precritical
deformations but does not seem to significantly affect the actual

value of ultimate failure. For instance, the various sealing _ systems

(including the few cases with no metal shim at all) cannot-be

differentiated within the usual (relatively small) scatter band of

burst data points. This might be due to the fact that the dominant
contribution to burst strength is in the longitudinal direction (as

the result of the bulging process) while the friction load developed

by the sealing patch is mainly in the' transverse direction (as it
follows the direction of major displacement associated with flaw

opening). While some residual _effect on burst pressure still must
exist, it is not expected to exceed a 5 to 10 %-range.
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3.3.1.4. Effect of Loading path

In most cases where a pressure test was interrupted (by full unloading

from a level clone to the expected failure value), and further

resumed, the resulting failure appeared to be premature (uoually not-

exceeding or being even lower than the initial pressure level),
1

This is possibly related to an oligocyclic plastic fatigue process. It

may have significantly reduced the reported burst pressure values of
,

some testa and contributes some conservatiam to the experimental

program.-

.

This is likely to be more applicable to programs Al and A2, as

- pressure loading interruptions were scheduled to better
observe precritical deformations

- dual slit specimens were used with repressurization of the
; second flaw after cutting off the first failed section.

Some (probably smaller) effects of the same type might also

occasionaly have been present in the later phases as the pressurizing

process being used did not result in monotonic loading but involved

oucceanive (small) unloading and reloading steps associated with the

strokes of manual pump actuation.

3.3.1.5. Effect of Residual Stresses

The effect of residual stresses was simulated by plantic deformation

of the cracked area prior to presourizing the flawed tube.

This resulted in a calculated high residual atress field either

enhancing.or opposing the tensile loading of the crack tipo.

As expected on theoretical grounds, this did not differentiate the

burst pressure.

!
| 3.3.1.6. Effect of Parallel Flaws

A few tests were conducted with 2 parallel flaws of equal length and,

-variable spacing in the circumferential direction.

This did not result in a significant modification of burst pressure

within the usual'acatter band of failure data points.
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3.3.1.7. Effect of Notch Sharpness

- Various degrees of notch sharpness were used.

- "large" width machined flaws (0.8 mm)

- ED>t flaws (typical width 0.2 to 0.3 mm)

- ductile tear crack (from repressurization of a former burst
test with small crack extension)

- fatigue crack extension of ED>! flaws.

The resulting effect on burst pressure was shown to be very low, if

present at all.

A possible reduction factor of 2 % for fatigue cracks has been assumed j

and is further discussed under Section 3.3.2.

3.3.2. t1odel validation

The model validation was performed in three steps :
1

- verification of the collapse load theory for a large' range of.
crack lengths-

.
4

- establishment of the flow stress value dependance on the
conventional mechanical properties

- measurement of the actual flow stress'value applicable to
Inconel material.

The first step was achieved in program A1; it confirmed that the
,jfailure (unstable extension of=the length of a through wall flaw) can

accurately be predicted by the " collapse load" model oc = or /m as

illustrated by Fig. 3-3 (b) for a range of cracks from.10 to 70 mm in <|
length (single heat of 7/8" OD Inconel tubes)'.

|

Similar curves have later been produced by other research teams, as

illustrated by Fig. 3-3 (c),-from the French R & D program.

The second step was achieved in program A2 due to'the availability of-

a largeLrange of conventional mechanical properties (ratio in excess-

- of l'.5 between maximum and minimum values). I

As the properties YS and UTS governing the behaviour of an axially 4

flawed tube are clearly those in the circumferential direction, a

correlation was established between the flow stress, derived from the

burst pressure, and a direct measurement of the~ tensile properties in,
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the transverse direction; the latter involved comewhat' unconventional

techniqueo

- flattened tenolle tent specimeno (YS and UTS measurements)

- " ring" tennile tent (only applicable to UTS measurement).

Several correlations were attempted, an summarized in Table 3-3 (a). 1
i

'

The bent experimental fit was with a relation of the type

k (YS + UTS)ot =

a8 illustrated by Fig. 3-3 (d) trom resulta calculated in Table 3-3

(a).
Some care must be exercised when using this figure

- For practical reasono, the ordinate is labelled'as mpeR/t,
which is a close approximation but not equal to of (the
actual flow strena value would be about 6 % lower)

- The abacisaa refers to trannverse propertica measured by
unconventional means (requiring multiple test camples because
ot a significant date scatter) which are not usually
available for commereial batches of tube material.

Thin means that only the concept that flow strona la proportional to

(YS + UTC) and not the parameter value (proportionnal constant = 0.57)

can be connidered for Inconel tubing in the field.

The third step, dedicated to the Inconel material. was achieved by

integrating;the results from the larger not of data produced by

programs A3 and A4, where the calculated.value of the flow stroon

(from m Rt/t x burst pressure) was ayatematically correlated to the

conventional properties (YS + UTS) Lao measured in the longitudinal

direction by the tube supplier.

AllIof those data are summarized in Table 3-2' (e); they refer to 81
axial' flaws burnt tested without tubesheet simulation'(or aufficiently.

far away fron it). A further net of 8 data points from Table 3-2~(g)

.(relative-to'tubenheet influence) was also used because'it was
demonstrated =(see Section'3.3.3.) .that they were not significantly

affected by TS proximity.=

From the resulting 89 data. points, 3 extreme' values were dierogarded

A-3-18
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,

because they fell either below (1 case) or above (2 cases) 15 % of the'

average. The remaining set of 86 " qualified" data points were further.'

analysed as indicated in Table 3-3 (b).

In order to avoid any bias from the particular testing conditions, the

data were first grouped into 9 consistent data sets for which

- the number of samples

- the average value of K = or / (UTS + YS)

- the standard deviation
,

are systematically reported.

Examination of these data indicated that the following sets can be

grouped together

- sets 1, 2 and 3 (46 data)

- sets 5 and 6 (14 data)
- sets 7 and 8 (16 data)

A comparison of the average values for the remaining 5 sets of data,

covering a range from 0.547 to 0.603, _ tended to suggest that they

belong to a single family.

Because, the observed differences were consistent with theoretical

expectations, they are and taken into account as further discussed

below.

The ratio of set 4 to set (1 + 2 + 3) amounts to 0.547/0.557 = 0.98
and can be considered to reflect a slight effect of notch sharpneus

(fatigue crack versus EDM notch). A similar difference is not observed

between sets 5 (EDM notch) and 6 (fatigue crack) of the.7/8" OD

nickel-plated specimens; however this might result from a compensating |
effect of the nickel coating thickness (average of 90 pm-for set 5 and

125 pm for set 6).
|

The effect of a 125 pm coating can be approximated by the ratio of set

4 (unplated) to 6 (plated), i.e. 0.547/0.576 = 0.95; this appears |

|

reasonable as the mechanical properties (YS, UTS, and ductility) are |

lower for Nickel than for Inconel. The compensating effect between

notch sharpness and the difference in coating thickness can thus be
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,

checked by noting that

1 - 0.05 ((125 - 90)/125) = 0.985 = 0.98 1
't

i.

Both adjustment factoro (0.98 for notch sharpneos and 0.95 for <

coating) have.thus been applied to the last oet (N'. 9) of data.,

This allowed for recombining the adjusted data oeto.

"

First, all 64 data pointo of 7/8" OD - heat I were combined with an

|- average value of 0.547.

This value was conointent with the average of 0.532 (16 data points).

of 3/4" OD, so that the resulting combination yielded.an average of

0.544 (80 data pointo).

1

Finally, this was compared with the last set of 6 data pointo, with an

average of 0.562. The difference was quite small but might be

significant because the material of not N*. 9 had been heat treated in

order to reduce the ratio of YS/UTS to a value of 0.31 well below the.
range of commercial heat valuon or of the materiale considered in the

BELOATOM program A2. Nevertheloso, the combination was made with an.

overall averago adjusted value of

K = 0.545;

f r all 86 " qualified" data pointo, with a.otandard deviation of

0.030.

'

The corresponding distribution io shown in Fig. 3-3 (o) together with-

its " normal" (Gausalan) approximation.

-Thus, the value selected to perform all-critical length calculations

of axial cracks was conservatively taken-at-one'otandard deviation

below the average, i.e.

K,,,, =K, - E ='0.545 - 0.030 = 0.515
'

i

1

'
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1. It can be chocked that the "adjuntod" values of the only
throo canos excludod from the " qualified" not of data (0.6b2; I

0.638 and > 0.442) are all outsido a 3 E range and are thus |

contirmed "outIlern". |
|

2. If no adjustment had boon mado, the average of all 86 " raw" |
Idata pointo would have boon 0.561 with E = 0.034.

3. Since lower bound values (from 13 nonburst specimens) woro
included in the distribution of qualified data, the resulting
analysia in clearly conservative.

4. It in interesting to review the only values of K-falling |

below that retained for further calculations (K = 0.515).
Thu 4 loweat onou are in fact lower boundo () 0.470; ) 0.487;
> 0.496 and ) 0.499) which do not conflict with the retained
value. Among tho 9 othora (0.514; 0.513; 0.512; 0.510; 0.509;
0.509; 0.508; 0.501; 0.501), only two (at 0.501) are
significantly lower (by about 2.5 %) than the retained valuo, q

which can thus be conaldered an a lower bound value for all H

oxperimental data. ]
!

3.3.3. JJ1Litt9J1co _qLitiboj!hgg t
1

The influence of the tuhouheet was established in two difforont ways :

- 8tatistical evaluation of the " Reinforcing Factor" RF defined
an the ratio of K valuon (ao calculated under 3.3.2. abovo)
for any particular configuration and for the troo apan. RF-
thus represents the expected rotativo increase of burst
pronouro due to the proximity of the tubonhoot.

- Direct verification uning " dual dofocts" test specimonn.

3.3.3.1. Statistical Evaluation

'

All renulto from program A4 have boon regrouped in Tablen 3-2 (f)

(7/8" OD) and 3-2 (g) (3/4" OD)

- by general configuration

Claw tangent to the tubenhoot.

flaw partially engaged within the tubosheet,

flaw at some distance from the tubonhoot (with reference to ,.

the clonoot offoetivo contact point, which may be inside J

lt the tubophoot holo)
!
!- - by crack length (for flaws partially engaged in TS, the !

lonath outaide TS in considorod). ,

|.
1

I

l
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Lower bound values'from the nonburst flaw of dual specimens.were also

included. One invalid result P60* and 6 abnormal values (differing by
more than'10 % from the average of their particular category) were

disregarded. The remaining-66 " qualified" data points were divided
into 15 categories with an average of 4 data points'per category, thel
normal scatter of values made the analysis particularly delicate.

For each'of the 66 data points, a "K" value was calculated by

Rire /(t (YS + UTS)) or 7.75 mpe / (YS + UTS)

The average of K was calculated for each cetegory and " adjusted" by a
.98 coefficient (assumed effect bet"9t.n-8DM and fatigue crack) before

performing the ratio RF to the known average figure in the free span
1- of a tube (0.545).
,

*The following conclusions can be drawn4

- the RF becomes negligible when the crack tip farthest away
from the TS is at a distance of 2 24 mm (for 7/8" OD) from
the TS contact point.
This includes

24 mm long flaws tangent to TS.

| 19 mm long flaws, 5 to 8 mm away from TS.

l' 16 mm'long flaws, 8 mm away from.TS.

The average of these 8 data points leads to an-
insignificantly lower RF value of 0.976, well within the-
scatter band (30/545 = 5'.5 %) of free span data (no.TL
effect).

! - the RF of flaws engaged.within the TS is systematically lower. 3
than that of flaws of the same length tangent.to the ;

tubesheet.
This effect is considered to be specific to the EDM. nature'of

| the flaws. In fact, the finite width (0.2 to 0.3'mm) of the
i flaw allows for an easier angular deflection of the flaw lips
j at the TS contact point than would be possible for an anvual

,

| (fatigue or corrosion) crack with negligible width TS9N, the
corresponding tests (13 data points) yield only T't% r.v.c d'

L values that are too low to be of actual use.

l - For flaws tangent to the tubesheet, the calculated RF yields
a relatively' consistent inverse relationship to crack length,.
with a maximum of about 20 % for.the length range under
investigation. There are, however, t,wo. notable exceptions

,

|:
for 3/4" OD where RF is apparent ly lower for 14 mm than for!t

.

15 and 16 mm.

|:
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.-for 7/8" OD'where RF is apparently lower-for 12 mm than for.
16 mm.

These result most probably from a data scatter effect which can-be

expected when only a few data points, each particular category
,

contains.
I
o

To get a better synthetic-picture, by integrating'the 7/8" OD and

3/4" OD test results, all RF values were evaluated as a function o>f

the reduced crack length c//(Rt), as suggested theoretically (Section

3.1.5.). Fig.'3-3 (f) is taken from Table 3-3 (c); a further reference

data point has been added from results published by FDF (25 % pressure.

increase for a 15 mm long crack tangent'to TS in a 7/8" OD tube -

(17))

Referring to the theoretical calculations, a shape dependance factor

of exp (-1.28 x ((Rt)) should be expected, with x being some fraction

of the crack length 2 c.

There was good agreement when x was taken to be equal to (2 times half

of the crack length c (or 1//2 times the full crack-length).
~

An overall description of all qualified data testa can be summarized :)
by the following relationship with 1.28 (2 =.1.8.

RF = 1 + 10 exp.(~ 1.8 c//(Rt)) =1 + 10 exp (- h)
l
i
!

This again can be translated into equivalent length margin (see Table ]
|3.3 (d) and Fig. 3-3 (g))

3.3.3.2. Direct verification H
'

For 7/8" OD tubes, the previous statistical analysis predicts a. -

length margin in excess of 2 mm for crack lengths (in free span) in

the range of 15 to 17 mm.

Out of 16 tests performed with dual flaws :

For 15 mm long cracks in free span.

5 failed outside the TS for a 2 mm difference (the inverse.

behaviour of'the 6th case was clearly related to the flaw
.,

being11 mm away from the TS).

A-3-23
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1 failed outside and 1 failed next to the TS, for a 3 mm.

difference, l

.)
'For.17 mm'long cracks in free span ,

i

5 failed outside the TS for a 2 mm difference (the inverse-

.

behaviour of the 6th case was associated with unexplained low
.

burst pressure, and was discarded for the statistical :

L analysis).

2 failed next to the TS for a 3 mm difference. j.

i

This can be considered in excellent agreement with the statistical

h conclusion. i
| |

1

Similarly, for 3/4" OD tubes, the statistical analysis predicts a j
length margin in excess of 1.9 mm for crack lengths in free span-in

the range of 12 to 14 mm.

Out of 16 tests performed with dual flaws :

L For 12 mm long cracks in free span
1, .

to the TS'(with one! 1 failed outside.the TS and 3 failed next.

case of crack initiation outside the TS) for a 2 mm
difference.

1 failed outside the.TS (with crack initiation next to the-.

.TS) and 3 failed next to the TS for a 3 mm difference.

For 14 mm long cracks in free span

4 failed outside the TS for a 2 mm f.ifference.
;

1 failed outside the TS uni 3 f ailed next to t'te TS f or a.

3 mm' difference.

This is consistent with the statistical conclusions, with the

exception of 3 tests (with 12 mm out side TS and 14 mm next to TS)

which were considered an abnormal data set within the statistical

analysis.

3.3.3.3 Conclusions

Considering the usual data scatter typical of'this type of tests (as

evidencedLby the larger data. basis relative to the free span), it.is

not surprising.to observe some local inconsistencies. When all thu.

data are considered, in view of the supporting theory, a reliable

(average) quantitative assessment of the reinforcement factor for a

.A-3-24
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crack adjacent to the tubesheet is given by the semi-empirical

formulation H
.

I
d '

RF = 1 +L10 exp (-h)

where

,

2 0.36

[12 (1 - V )] c//(Rt) 1.8 c//(Rt)= =

Unless further validation becomes available, the domain of application

should be restricted to

-1.5 s c//(Rt) s 2.5

1.e. 15 mm s 2 e s.20 mm for 7/8" OD tubing
13 mm s 2 e s'17 mm for 3/4"o0D tubing

which is the useful range when establishing tube plugging. limits
for axial cracks in the roll transition area.

,

Y

t

4,
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Table 3-2 (a)

SUMMARY OF RESULTS (program A1)

_

Material Test-piece Slit Sealing Press- Flav vidth (mm): Flaw e max. Oval. Def. Leak- Notes *

Index number and length system ure length age.
type |mid-length area

,

tip- outer inner
(mm) (bar) - (mm) .. (mm) (%) (na) (mm2)

M1 1 15 1 230 ? 1.05 2.4 2- - 23.6 - 1

2 >250 1.40 18.4 16- 49 28 0.4 370 3

.

I 170 0.8 3.3 2.5 - 24.3 - - - 1 ^1
2 20

2 (234) '1.35 21 18.5 54 27.5 4.5 0.6 450 -

T 3 25 1 125 0.45 1.9 1.65 - 23.5 - - 37 6
'

- y repeated 2 150' O.6 2.1 - - - - - -

w burst (226). 1.35 11 9.2 35 26 - - 200 -

* 35 ----------~~----------------------------- ---------------- - ------------

(crack) 2 (138) 0 25.5 23 61' 29.5 4.9 0.9 815 4-5 +

4 35 1 75 0.4 3.4 2.7 - 24.1- - - - 1

.2 (143) '1.35 20.5 18 60 29 ' 5.8 0.8 580

5 50 2 (104) -- 1.35 28.5- 26 77 32 a6. 3 1.9 1150
1+r 150 0.40 0.6 - .- 22.6 - - 1-6-7

6 70 2 (89) . 1.35 21' 18.5 82 29 6.3- > 1.9 920 :
1+r .180 ? 0.40 1.15 0.95 - 22.8 - - - 1-6-7 .

7- 12 2~ 320 0.7 1.1 1 - 23 - - - 9
4 (328) 1.3 14.6- 12.5 41 '27 3.6 0.3- 260

,
_ __ _ - -- _ _ --- --- ---. ------

dual 12 2 320 0.65 1 1 - 23 - - - 9
. slit .4 328 1.2 -2.4 1.7 - 23.7 1- - - '2

(...) denotes burst pressure-
-

*

.
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Table 3-2 (a)
._

SUMMARY OF RESULTS (program A1) (cont'd)

| Oval.'Material Test-piece Slit Sealing Press- ' Flaw vidth (mm) Flaw e max. Def. Leak- ' Notes
Index- number and length system ure length age

. type mid-length area

tip outer' inner
(mm) (bar) (mm) (mm) (%) (mm) (mm2)

n

M1 8 15 2 165 0.2 0.35 - - - - - -

230 0.4 0.7 - - - - - -

(314) 1.3 .9.5 8 31 26 3.1 - 150 13
----------------------------------- ------------ --------- .- . .----------------

dual 2 314 0.7 1.5 - - 23.3 - - -

slit
y 15 4 252 0.9 - - - - -

.

- 10-11 '!
w (252) 1.4 10 8 32 26.2 2.7 - 170 -

. :
N
'l 9 20 2 120 0.2 0.3 - - - - - -

160 0.3 0.4 - - - - - -

dual 200 0.5- 1 - - - - - -

i- slit (261)- 1.2 22.5 20 59 29 5.4 - 490 13
------------------------------ - --,-- ----------------------------------------------

~

-20 2 |(261) 0.7 1.8 - - 23.5 - - -'

235f 10_3 289 1.4 12.4 10.5 38- _26.5 3.1/4.4 --
,

10 35 2 ? ' 1. 2 ' 8.1 7.6 38 26 - - 190 12
dual slit' ------------------------------- ------- - -- --------------------------

repeated' 38 2 140 0 9.5. - - - - - 4
burst ~ (crack) (148) 0' 14.5- 12.4 46 =27 5.5 - 350 13

----------------------------------------- --_------------------- . --------

' 20 4 148 0.35 'O.6 - 22.6 - -' -

!

(...)' denotes burst pressure
,

,

i

'l
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Table 3-2 (a)

SUMMARY OF RESULTS (program A1) (cont'd)

Material Test-piece Slit Sealing Press- Flaw-width'(mm) Flaw e max. Oval. Det. Leak- Notes
Index number and length system ure. length age

type mid-length area
i

i
tip' outer inner

(mm) (bar) (mm) (mm) (%) (mm) (mm2)

M1 11 50 2 65 0.3 0.8 - -- - - - -

*
80 0.4 1.4 - - - - - -

dual (99)- 1.25 18 15.6 58 28 5.7 1.3 575
slit --- ---- -- -----------------------------------------------------

20 2 99 0.2 0.3 - -- 22.3 - - -

12 70 2 65 0.5 3 - - - - - -

> 75 0.6 5 - - - - - -
'

E (89) 1.2 22.5 20 79 30 6.3 1.5 925
i

N
m 13 20 2 (243) 1.25 16 13.5 46 27 - - 330 13-14-

(minor 15
axis)

dual ------ ------- -- -------------------------------------- ---------------

slit .20 2 243 0.5 1.2- 0.9 - 23.5 - -' 14-16-
.ovalized (major

.

i- axis)
4

15 25 - -50
105 0.25 0.3 -

(...) denotes burst pressure

,

l

.



NOTES FOR TABLES 3-2 (al'

t .

rupture).( 1) Test arrested after the extrusion of the patch (without
,

.

( 2) Crack initiation visible at one flaw tip, from ID surface.to mid
wall-thickness

'

( 3) Burst pressure beyond manometer range

( 4).The slit lengthened in the first test is resealed'for'the second
test

( 5) Extrusion of the patch
,

- ( 6) Test conducted with a ring centered over the' slit (with a 0.4'mm
diametral clearance)

( 7) The ring becomes tight-for p = 55 bar and becomes loose again
.when depressurized after p = 150 bar

( 8) Manometer valve left closed by omission; inaccurate reading on
pump manometer

( 9) Maximum pump pressure

(10) Tube recut to perform the test on the second slit

(11) Rupture occuring (after = 30 s)'.at constant pressure.during the
visual measurement of the COD-

1

. (12) Uncontrolled fast pressure rise, inaccurate reading.of the pump
manometer,. low crack extension (2 and 1.3 mm on both sides,
renpectively) as a result of the high circumferential
excentricity of the patch which is responsible for fast'

depressurization

(13) Tear of the patch

(14) 0valized tube

(15) Slit situated on the small diameter (initial width narrowed)
(16) Slit situated on the-large diameter (initial width stretched)

l

H
-1

l

|
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' TABLE 3-2 (b)

CRACK OPENING DISPLACEMENTS (COD)
VERSUS INTERNAL PRESSURE

(from table 3-2 (a))

2e pc p 6 6 6 p Sealing
-* system- --

c 6. pe
esa

(mm) (bar) (bar) (mm) (10-2) % %

12 363 320 0.45 75 68 88 2
320 0.5 83 75 88 2
328** 1 167 91 99 (100) 4

15 303 165 0 0 0 54 2
230 0.2 27 18 76 2
314** 0.5 67 45 103 (100) 2
252** 0.8 93 64 83 (100) 4

20 243 170 0.6 60 55 70 1-
120 0 0 0 49 2
160 0.1 10 9 66 2
200 0.3 30 27 82 2
261** 0.5 50 45 107 (100) 2
148 0.15 15 14 61 4

99 0 0 0 41 2

25 203 125 0.25 20 23 61 1

150 0.4 32 36 74 2
,

35 153 75 0.2 23 18 49 1

50 111 65 0.1 4 9 59 2
80 0.2 8 18 72- 2

70 82 65 0.3 9 27 79 2
75 0.4 11 36 91 2

* calculated critical pressure
** experimental burst pressure

*** 6. = 1.1 mm

.A-3-30



-

TABLE 3-2 (c)

SUMMARY OF RESULTS (program A2)

Material Test-piece Slit Sealing Pressure Flaw width (mm) Flaw e.. (mm) Oval. Codes Notes
Index number and length system length

type mid-length central extr.

(mm) (bar) tip outer inner (mm) (%)

M2 16 18 5 161 0.7 3.3 3.2 0.4 24.45 22.15 0.9 0 1-2
18 10 (182) 0.9 18.7 16.2 43 27 - 4.1 0

17 20 9 175 1.15 12.3 10. 33 26.35 22.15 1.8 0 3

20 10 (219) 1.2 11.8 9.8 32- 26.3 - - 0

39 20 8 175 1.05 4.6 .3.4. - 24.7 - 1.0 1 2-1
20 8 175 0.75 4.6 - - - - - 1 7

> 20 10 (252) 1.25 12.6 10.3 '32 .26.7 - ' 3.5 2

d
.i M3 23 16.5 12 (256) 0.8- 17. 15 41 23.2 19.05 4.7 2

s 16.5 12 (279) 1.0 14.6 12.6 33 23.1 - 4.7 2

24 16.5 12 (266) 1.0 10.0 8.2 29 22.7 19.05 1.8 4

16.5 12 (272) 1.0 9.6 7.8 27 22.5 - 2.6 2

i-
M4' 40 16.5 6 .105 0.0 5.5 4.3 35.5- 21.2 19.05 1.5 0 9

16.5 6 105 0.0 1.1 30.0 19.7 0 9

1

(...) denotes burst pressure
;

l'
,

|

|
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|

|
'

W. . _ ~ -. .. -. :_ . - _ _ _
_ _, ; _;,_____, _. _._ _ _ _ _ , _ _ __ __



. - - -

,

TABLE 3-2 (c)

SUMMARY OF RESULTS (program A2) (cont'd)

Material Test-piece Slit- Sealing Pressure Flaw width (mm) Flaw e..a (mm) Oval. Codes Notes
Index' number and length system length

type mid-length central extr.

Imm) (bar) tip- outer inner (mm) (%)

MS 29 16.5 12 (274) 2.0 13.5 11.4 28 23.0 19.1 3.7 11

16.5 12 (255) 2.0 13.7 11.5 28 23.0 -- 3.7 2 4

30 16.5. 12 (280) 2.0 15.4 14 35 23.3 19.15 4.7 2 5
16.5 12 (266) 2.1 10.7 9.5 25 22.9 - 2.6 4 5

M6 31 27.5 14 440 1.2 7.0 5.0 - 23.4 20.9 1.0 5 2
27.5 14 480 1.2 6.6 4.5 - 23.3 20.9 1.0 6 6

>
6 .32 27.5 13 414 1.0 5.5- 3.9 - 23.2 21.0- 1.5 5 2

6 27.5 13 414' 1.0 5.5- 3.9 - 22.7 - 1.5 - 6
eo

- M7 33 14.5 7 (208) 0.5 12.0 12.0 40 24.0 20.1~ 2.8 0 5
14.5 7 (215) 'O.5 12.2 -10.9 47 24.2 - 5.0 0

34 14.5 7 (214) 0.5 8.9 7.8 36 23.7 20.1 3.5 0
14.5 7' (215) 0.5 10.10 - 36 23.6 - 3.5 0 5

.. 38 14.5 7 ,(186) 04 14.0 - 50.5 26 - 5.0~ 0 5'
| 14.5 7 '186 0.35 0.8 - ' - - - - 0 7

14.5' 7 (220) 0.6 - 13.0 - 45 23.9 - 5.0 0 5
14.5 7 220 0.35 .1.0' ,- - - - - 0 7

i

(...). denote's' burst pressure

-

- _ -_ - - . _ .-- -- _
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TABLE 3-2 (c)

SUMMARY OF RESULTS (program A2) (cont'd)

Material Test-piece Slit Sealing Pressure Flaw vidth (mm) Flaw e.. (mm) Oval. Codes Notes-
Index number and length system length

type mid-length central extr. --

(mm) .(bar) tip outer inner (mm) (%)

M8 35 14.5 7 (171) 0.7 100 - 33 23.7 20.0 3.0 0 5
14.5 7 (164) 0.7 3.45 - +2 21.8 - 0.5 0 .4-6

36 14.5 7 (190) 0.7 12.9 - 41.5 23.6 - 4.5 ^ 0 5
14.5 7 (170) 0.7 17.0 - 38- 24.2- - 3.0 0 4

> 37 14.5 7 (150) 0.5 13.0 - 39 25.0 20.0 2.5 0 5

6 14.5 7 150 0.3 0.8 - - - - - 0 7

5
w

(...) denotes burst pressure

.

L.-._ __ . .. --mm . _ - _ _ _ . _ _ _.._______m_2_.. _ _ - . -...,ws..e,.,m_y e-. .+u _ c____ _g,, ,
_ _ _ _ _ _

_

_



_

-. ..- .-

\
r

PUJ'f13 FORj' ABLES .3-2 Jg)_

('t) A stable crack growth is observable prior to th. 1 :c.c.abi lity of
procracked slit.
Slit N'. : 1: (161 bar) both sides (+ 0.3 and + 4.3 mm)
Slit N*. : 2 : (167 bar) at one side (+ 0 .1 .nm )

( 2) Test' arrested after patch leak and not roccaducted

( 3) Burst pressure abnormaly low, for the same pressure. a slight
initiation of crack io observed on the second slit

( 4) The critical pressure of the second defect is lower than that
already sustained by bursting of the first defect.(both defects
were the same)

( 5) Both defects propagated in a non-axial maner.
The length was measured as shown below.

/

/ s

_

-[
_

_

_
-

- ( 6) The burst pressure could never be reached because the flaw
opening was large enough to permit every pateh to be extruded

( 7) Slit parallel to the previous one

( 8) Slight crack initiation detectable'at one tip

( 9) Fatique crack propagation (f = 4 !!z), f ast:er than expected (long
crack propagation). Test arrested after patch bursting at about

| 17,100 cycles.
Test parameters :
11,600 cycles at p = 85 to 90 bar -(t.igher d.an 80 specified)

800 cycles at p= 105 to 55 bar-,

1,800 cycles at p linearly decreaa no inom 105 to 55 bar
1,500 cycles at p = 50 to 55 bar
1,400 uycles at p decreasirng irom 50 to 0 bar.

Codo Description of patch after tube burst

0 no patch

1 stay in place

2 extruded without-break'

4 break orthogonal to the slit

5 orthogonal twin breaks (at both flaw tips)

6 orthogonal breaks in the center.

s

A-3-34
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TABLE 3-2 (d)

PROGRAM A2
MEASUREMENTS OF : COD (6); SLIT.0PENING (b)
AND BUL4ING (W as) VERSUS INTERNAL PRESSURE-

Material Test-piece Slit Sealing p 6 b. e..

Index Number length System p/p..

and type (mm) bar mm mm mm ,

M2 16 18 5 80 .03 .03 0.44
5 120 .10 .15 0.66
5 161 .70 3.3 24.45 0.89

-..-----......--... .......----- -------------...---

dual 18 5 80 .05 0.44
slit 5 120 .08 0.66

5 161 .70 23.6 0.89
5 167 .90 3.6 24.3 0.92

10 (182) (.9) 16.2 27.0 1.00

17 20 9 125 0.65
dual 9 175 .40 2.8 23.9 0.80
slit 10 (219) (1.2) 11.8 26.3 1.00

39 20 8 127 .20 .75 22.5 0.50
8 141 .35 1.4 23.0 0.56
8 155 .85 2.5 23.5 0.62
8 175 1.05 4.6 24.6- 0.69

----.....--------...-------------.----.. -- --------
0

2 // slit 20 8 127 .20 .75 22.5 0.50
+ 8 141 .35 1.4 23.0 0.56

1 alone 8 155. .60 2.3 23-5 0.63.

9 175 1.05 ;4.3 24.5 0.69
------ ----------------.. ....-------- ---....... --

20 8 127 .10 .60 22.4 0.50
8 141 .25 1.0 22.7 0.56
8 155 .45 1.6 23.2 0.62
8 175' .75 2.8 23.8 0.69

10 (252) (1.25) 12.6 26.7 1.00

M3 23 16.5 7 200 .75 2.7 20.6 0.78
12 250 .80 20.7 0.98

dual 12 (256) (.80) 17 23.2 1.00
slit --------------------- ------------------------------

16.5 7 200 .15 .7 19.5 0.72
12 250 .55 1.7 20.0 0.90
12 256 .60 1.9 20.2 0.92
12 (279) (1.0) 12.6 23.1 1.00

(...) denotes burst pressure

|
1

i
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TABI.E 3-2 (d) (cont'd)
.

PROGRAM A2
MEASUREMENTS OF : COD (6); S141T OPENING (b)
AND BUlli1NG (p.es) VERSUS INTERNAL, PRESSURE

Material 7est-piece Slit Seallnq p 6 b e..
Index Number length System p/p..

and type (mm) bar ram mm um

M3 24 16.5 7 170 .15 .45 19.4 0.64
7 192 .30 1.0 19.8 0.72

dual 12 246 .70 2.5 20.6 0.92
slit 12 (266) (1.0) 10.0 22.7 1.00

. ..._. .. ......... ...... .... ... . ..... ......

16.5 7 170 .15 .45 19.4 0.62
7 192 .30 1.0 19.8 0.71

12 246 .70 2.5 20.6 0.91
12 266 .90 3.9 20.9 0.98
12 (272) (1,0) 9.6 22.5 1.00

M5 29 16.5 7 147 .15 .7 19.4 0.54
7 166 .30 1.5 19.9 0.61

dual 7 190 .55 2.0 20.5 0.69
allt 12 218 .75 2.8 20.7 0.80

12 241 1.25 3.7 21.1 0.88
12 260 2.0 5.1 22.2 0.95
12 (274) (2.0) 13.5 23.0 1.00

29 16.5 7 147 .15 - 19.4 0.54
7 166 .30 1.25 19.9 0.61

dual 7 190 .55 2.0 20.5 0.69
slit 12 218 .75 2.8 20.7 0.80

12 241 1.25 3,7 21.1 -0,88

12 260 2.0 5.1. 22.0 0.95
12 (255) (2.0) 13.7 23.0 -

30 16.5 12 140 .05 .35 19.2 0.50
12 172 .20 .70 19.5 0.61

dual 12 195 .50 1.4 20.0 0,70
allt 12 220 1.70 2.5 20.4 0.79

12 265 2.0 5.7 21.6 -0.95
12 (280) (2.0) 15.4 23.3 1.00

.. . .... ...... .............. ... . ... ... ... .

16.5 12 140 .05 .35 19.2 0.50
12 172 .20 .70 19.4 0.61
12 195 .40 1.25 19.8 0.70
12 220 .65 2.15 20.3 0.79
12 265 1.55 4.8 21.4 0.95
12 280 1.9 5.4 .21.6 1.00
12 (266) (2.1) 10.7 '22.9 -

M6 31 27.5 13 3;:0 .05 .55 21.0 (0.52)
13 372 .30 1.6 21.5 (0.61)

dual 14 415 .90 5.4 22.8 '(0.68)
slit 14 440 1.20 7.0 23.4 (0.72)

(...) denotes burst pressure

A-3-36
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TABLE 3-2 (d) (cont'd)

PR00 RAM A2
NEASURENENTS OP : COD (b); SLIT OPENING (b)
AND BUltilNG (W...) VERSUS INTERNAL. PRESSURE

_

Material Test-piece Slit Sealing p 6 b e.as
Index Fre ir length System p/p.ex..

It typa (mm) bar mm mm mm

M6 31 27.5 320 .05 .55 21.0 (0.52)''
,

13 5? .15 .95 21.2 (0.61)
dual 14 415 .50 3.2 22.0 (0.68)
slit 14 440 1.10 6.5 23.2 (0.72)

14 480 1.20 6.6 23.3 (0.79)

32 27.5 13 260 .05 .30 21.0 (0.43)
13 320 .15 1.0 21.3 (0.53)

dual 13 370 .50 3.0 22.1 (0.61)
slit 13 l 414 1.0 5.5 23.2 (0.68)

---- .---- --..--------- ...-------.-----------------

27.5 13 260 .05 .30. 21.0 (0.43)
13 320 .15 1.0 21.2 .(0.53)
13 370 .50 2.7 22.0 (0.61)
13 414 1.0 5.5 22.7 (0.68)

-M7 33 14.5 7 147 .05 .45 20.4 0.71
7 168 .15 .65 20.5 0.81

dual 7 190 .25 1.05 20.9 0.91
slit 7 (208) (.5) 12.0 24.0 1.00

------ --------------------------------------------

14.5 7 162 .05 .45 20.4 0.68
7 168 .15 .65 20.5 0.78
7 190 .25 1.05 20.9 0.88
7 208 .30 1.10 20.9 0.97
7 (215) (.5) 12.2 24.2 1.00

34 14.5 7 162 .10 .35 20.3 0.76
7 192 .25 .75 20.7 0.90

dual 7 210 .40 1.2 21.0 0.98
slit 7 (214) (.5) 8.9 23.7 1.00

. .----------- ------------- .------------.---------

14.5 7 162 .10 .35 20.3 0.76
7 192 .25 .70 20.7 0.90
7 210 .40 1.1 21.0 0.98
7 214 .45 1.25 41.0 1.00
1 (215) (.5) 10.0 23.6 1.00

38 14.5 7 150 .10 .55 20.6 0.81
7 170 .20 .85 21.0 0.91
7 180 .35 1.1 21.3 0.97
7 (186) (.4) 1.4 - 1.00

2 // s1it ----------------------------------------------------

14.5 7 150 .10 .55 20.6 0.81
7 170 .20 .85 21.0 0.91.
7 180 .35 1.1 21.3 0.97
7 186 .35 14 - 1.00

(. .) denotes burst pressure
,
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TABLE 3-2 (d) (cont'd)

PROGRAM A2
MEASUREMENTS OF :' COD (6); SLIT OPENING (b)
AND BULGING (duas) VERSUS INTERNAL PRESSURE

Material Test-piece Slit Sealing p 6 b v..
Index Number length System p/p..a

and type (mm) bar en mm am

M7 38 14.5 7 150 .10 .45 20.3 0.68
7 170 .20 .65 20.4 0.77
7 186 .30 .9 20.8 0.85
7 (220) (.6) 13 23.9 1.00

2 // allt ----------------------------------------------------

14.5 7 150 .10 .45 20.3 0.68
7 170 .20 .65 20.4 0.77
7 186 .30 .9 20.8 0.85
7 220 .35 1.0 - 1.00

M8 35 14.5 7 119 .05 .35 20.1 0.70
7 136 .15 .70 20.5 0.80-
7 153 .30 1.20 20.9 0.90
7 (171) (.7) 10.0 23.7 1.00

dual ----------------------------------------------------

slit 14.5 7 119 .05 .35 20.1 0.70
7 136 .15 .70 20.5 0.80
7 153 .30 1.20 20.9 '0.90
7 171 .60 1.85 21.4 1.00
7 (164) (.7) 3.45 21.8 -

-,

36 14.5 7 120 .05 .35 20.1 0.63
7 143 .15 .60 20.3 0.75
7 160 .30 1.05 20.8 0.84
7 (190) (.7) 17 23.6 1.00

dual -----------------------------------------+----------

slit 14.5 7 120 .05 .35 20.1 0.63
7 143 .15 .60 20.3 0.75
7 160 .30 1.05 20.8 0.84
7 190 .70 2.0. 21.6 1.00
7 (170) (.7) 13 24.2 -

37 14.5 7 116 .05 .5 20.3 0.77
7 140 .45 1.0 20.8 0.93
7 (150) (.5) 13 25 1.00

2 // slit --------~~------------------------------------------

14'.5 7 116 .05 .5- 20.3 0.77
7 140 .30 .8 20.6 0.93
7 150 .30 .8 - 1.00

(...) denotes burst pressure

.
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TABLE 3-2 (e)

PROGRAMS A3 AND A4 - CORRELATION OF FIDW STRESS WITH (YS + UTS)
'FOR ALL AXIA1, CRACKS IN FREE SPAN

DATA SET REF 2e a pe K =7.75 mpe/(YS + UTS)
COMMEh"I'

N. mm bar RAW ADJUSTED

'7/8" - 71692 D1 15 2.40 335 0.627 0.614
EDM flav D3 >310 >0.581 >0.569 failed at +3 next to TS '

'

((RT) = 3.65 mm D6 308 0.577 0.565
YS+UTS = 993 MPa D8 280 0.524 0.514

Di* 300 .0.562 0.551
D2a 312 0.584 0.572
D3a 317 0.594 0.582
D4* >309 >0.579 >0.567 failed at +2 next to TS
P4 16 2.51 297 0.582 0.570

> P8 303 0.594 0.582
de P10 297 0.582 0.570

|
d, P13 268 0.525 0.515
* P50* 274 0.537 0.526

PS2* 265 0.519 0.509
P54a 292 0.572 0.561
P61* 265 0.519 0.509

Y16-1 286 0.560 0.549
Y16-2 282 0.552 0.541
Y16-3 ~297 0.582 0.570
.N2 285 0.558 0.547
N7 275 0.539 0.528
D2 17 2.63 >278- >0.571 >0.560 failed at +3 next to TS
D4 305 0.626 0.613

I

t

________.__________m______________._____..____________1__________ m .
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TABLE 3-2 (e) (cont'd)

PROGRAMS A3 AND A4 - CORPEIA*"O "T FLOW STRESS WITH (YS + UTS)
FOR ALL AXIAL CRACKS IE FREE SPAN

,

'

DATA SET 'REF 2e a pe K =7.75 mpe /(YS + UTS)
CORMENT

j N*. mm bar RAW ADJUSTED

D5 >242 >0.497 >0.487 failed at +3 next to TS
D7 (>220) (>0.451) abnormally low
DS* 281 0.577 0.565
D6* 256 0.587 0.575
D7* 290 0.595 0.583
D8* 286 0.587 0.575-

Yl8-4 18 2.75 250 0.537 0.526
Yl8-5 238 0.511 0.501

F7 270 0.579 0.567 , machined at 0.8 mm width
; y F8 260 0.558 0.547

& F9 245 0.526 0.515 prior 0.2 % expansion
i F10 282 .0.605 C.593 ,for # 7 and 8

$ P15* 19 2.87 245 0.549 0.538,

i P30* ' .235 0.526 0.515
P51* 228- 0.511 0.501
PS3* 232 'O.520 0.510

7/8" - 71692 -N34 15.5 2.46 278 0.534 0.534
fatigue crack N33 18 2.75- 268 0.575 0.575
((RT) = 3.65 mm- N37 19 '2.87 244 0.547 0.547
YS+UTS = 993 MPa N36 19.5 2.93 233 0.533 0.533

.
"~ 'A,- - _ _ _ _ _ _ _ . _ _ . _ . _ _ . - . _ =
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TABLE 3-2 (e) (cont'd)

PROGRAMS A3 AND A4 - CORRELATION OF FIDW STRESS WITH (YS + UTS)
FOR ALL AXIAL CRACKS IN FREE SPAN

DATA SET REF 2e a pc K =7.75 spe/(YS + UTS).

COMMENT
N'. mm bar RAW ADJUSTED

7/8" - 71692 N1 16 2.51 310 0.607 0.577 (65) nm nickel
EDM flav N6 310 0.607 0.577 120
nickel plated N8 273 0.535 0.508 105
((RT) = 3.65 mm N9 285 0.558 0.530 120
YS+UTS = 993 MPa N10 285 0.558 0.530 55

N11 .287 0.562 0.534 75
,

7/8".- 71692 N23 12 2.05 371 0.594 0.564 85 pm nickel
fatigue crack N25 12.5 2.11 328 0.540 0.513 125

3, ' nickel plated N27 368 0.606 0.576 170

i /(RT) = 3.65 mm N26 14 '2.28 360 0.641 0.609
YS+UTS = 993 MPa N28 15.5 2.46 298- 0.572 0.543 120

C N40 17 2.63 272 0.558 0.530 130,

'N43 289 0.593 0.563 155
NS 18 2.75 (320) (0.687) abnormally

120)highN35 (313) (0.672) 120
N24 23 3.34 217 0.566 0.538 (105)

7/8" - 74749 (TT) N3* 16 2.51 237 0.591 0.550 160 na nickel
EDM flav N4* 248 0.618 0.575 115
nickel plated N5* 238 0.594 0.553 120
/(RT) = 3.65 mm .N6* 243- 0.606 0.564 115

'

YS+UTS = 780 MPa N7* 249 0.621 0.578 115
N10* 236 0.589 0.548 120

3

,

'
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TABLE 3-2 (e) (cont'd)

PROGRAMS A3 AND A4 - CORRELATION OF FLOW STRESS WITH (YS + UTS)
l FOR ALL AllAL CRACKS IN FREE SPAN

DATA SET REF 2e a pc K =7.75 mpc/(YS + UTS)
COMMEh7

N*. Em bar RAW ADJUSTED

3/4" - 70699 K1 12 2.27 331 0.536 0.525
EDM flaw K2 1314 20.509 20.499 crack initiated but tube
/(RT) = 3.13 mm failed at +2 next to TS
YS+UTS = 1086 MPa K3 330 0.535 0.524

K4 >350 )0.570 >0.559 failed at +3 next to TS
K9 >325 >0.526 >0.515 failed at +2 next to TS
K10 >340 >0.551 >0.540 id.
K15 >296 >0.480 >0.470 failed at +3 next to TS
K16 7366 >0.593 20.581 id.

> K5 14 2.55 313 0.570 0.559
0' K6 298 0.542 0.531
i K7 >312 >0.568 >0.557 failed at +3 next to TS
w -K8 >336 >0.611 >0.599 id.

K11 297 0.540 0.529
K12 287 0.522 0.512
K13 297 0.540 0.529

0.496 failed at +3 next to TSK14 >278 >0.506 >

;

* Adjusted values of K, differing by more than 15 % from the average (0.545) have been disregarded
(K < 0.46 or K > 0.63) .

.
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TABLE 3-2 (f)

PROGRAMS A3 AND A4 - CORRELATION OF FIDW STRESS WITH (YS + UTS)
FOR ALL AXIAL CRACKS ADJACENT TO TUBESHEET IN 7/8" OD TUBING

(batch 71692: YS + UTS w 993 MPa; ((Rt) = 3.65 mm)

DATA SET REF 2e a pe 7.75 mpe RF*
K = ----~~- COMMENT-

N*. mm bar YS + UTS

Flaw tip P1 12 2.05 418 0.669
tangent to P2 415 0.664
tubesheet P3 394 0.630 1.177

----- ----- ------ --- --- -----.---------, -------- -. -------------------------

PS 16 2.51 348 0.682
P6 320 0.627
P9 334 0.654 1.184

> P11 342 0.670
6 ---_. ----- _ ---_ --,---- --- -----_------ -------- ----_- ---_----------------_-

1 D1 17 2.63 > 335 > 0.688 failed at -2 in free span
u D8 > 280 > 0.575 failed at -2 in free span

Dia > 300 > 0.616 failed at -3 in free span
D2* > 312 > 0.640 >1.140 failed at -2 in free span

.D3* .) 317 > 0.651 failed at -2 in free span
D4* > 309 > 0.634 crack tip 1 mm from TS.

...-- ----- ------ ------- -- - -------- -------- ---------_,---- .------.

Yl8G1 18 2.75 286 0.614
Yl8G2 295 0.633
Y18G3 272 0.584

D3 18 2.75 310 0.665
D6 > 308 > 0.661 1.135 failed at -3 in free span

_
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TABLE 3-2 (f) (cont *d)

PROGRAMS A3 AND A4 - CORRELATION OF FIDW STRESS WITH (YS + UTS)
FOR All AXIAL CRACKS ADJACENT TO TUBESHEET IN 7/8" OD TUBING ,

(batch 71692; YS + UTS = 993 KPa; ((Rt) = 3.65 mm)

T

DATA SET REF 2e a pe - 7.75 mpe - RF*
K=--- COMMENT

N. mm bar YS + UTS

i Flaw tip P13* 19 2.87 257 0.576
tangent to P14* 252 0.564
tubesheet D4 (>305) (>0.683) abnormally high

D7 ?(220) (0.493?) abnormally low
P60* (>235) (>0.526) slipping ring (unvalid)
P7* .245 0.549 >1.077 - underrolled'

P8* 252 0.564 ' in minimum
. > P9* 257 0.576 - clearance
O DS* > 281 > 0.629 -

1 D6* > 286 > 0.641
A D7* > 290- > 0.650 failed at -2 in free span %se

DS* > 286 > 0.641 -

----- ---.-- __ _ ---------------- -------- --- ---------- ----------------

P15 20 2.99 254 0.569
. P16' 263 0.589

i D2 278 0.62.3 1.044
DS 242- 0.542.i

----- - __ -------- -------- -------------------------------

P17 24 3.46 217 0.586
P20 203 0.548 1.020

_ __-
- . .; - _ ___ _ _ _ _ _ , u___ _ ,.__ __ _
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TABLE 3-2 (t) (cont'd)

PROGRAMS A3 AND A4 - CORRELATION OF FIDW STRESS WITH (YS + UTS)
FOR ALL AXIAL CRACKS ADJACENT TO TUBESHEET IN 7/8" OD TUBING

(batch 71692; YS + UTS = 993 MPa; /(Rt) = 3.65 mm)
'

DATA SET REF 2e a pc 7.75 mpe RF*
K = ------- COMMENT

N'. mm bar YS + UTS

Flaw tip P14 16 2.51 322 0.631 -1.084 20 mm total length

within P18 292 0.572 24 mm total length

tubesheet. P19 309 0.605 24 mm total length
----- ----- ------ -- ---- ---------------- --- ---- -------------------------------

Y24C1 18 2.75 270 0.579 1.046
Y24C2 272 0.584

> Y24D1 19 2.87 232 0.520 24 mm total length

O Y24D2 250 0.560 24 mm total length

1 Y24D3 250 0.560 24 mm total length

v1 Y24F1 260 0.582. 24 mm total length

Y24F2 245 0.549 1.005 24 mm total length

P10* 247 0.553 .38 mm total length

P11* 256 0.573 underrolled in

P12* 256 0.573 , minimum clearance

_ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ ____ _
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TABLE 3-2 (f) (cont'd)

PROGRAMS A3 AND A4 - CORRELATION OF FIDW STRESS WITH (YS + UTS)
FOR ALL AIIAL CRACKS ADJACENT TO TUBESHEET IN 7/8" OD TUBING

i (batch 71692; YS + UTS = 993 MPa; ((Rt) = 3.65 mm)

<

DATA SET REF 2e a pc 7.75 mpe RF*
K = ------- COMMENT

N*. mm bar YS + UTS

Flaw tip F7 16 2.51 (342) (0.670) ,8 mm from TS' ~

278 0.545 L one value abnormally high
,

away from P12
.tubesheet P4* 19 2.87 242 0.542 , tangent to TS but

P5* 242 0.542 underrolled (5 mm)
i P6* 237 0.531 0.961 ,in large clearance

PI* 233 0.522 ,8 mm from TS underrolled
P2= (215) (0.482) in minimum clearance

> P3* 235 0.526
5 |,onevalueabnormallylov
.4
e

* The reinf et = eent f actor (RF) is calculated by 0.98 (average of K)/0.545.
Individua alues of K differing by more than 10 % from the' average have been diregarded.

.

4

-. -,



, , .=.. _ _s.

.

TABLE 3-2 (g)

PROGRAMS A3 AND A4 - CORRELATION OF FIDW STRESS WITH (YS + UTS)
FOR ALL AX1AL CRACKS ADJACENT TO TUBESEEET IN 3/4" OD TUBING

(batch 75317; YS + UTS = 1086 MPa; ((Rt) = 3.13 mm)

DATA SET REF 2e a pe 7.75 spe RF*
K = -- COMMENT

N. mm bar YS + UTS
'

Flaw tip K1 14 2.55 -> 331 > 0.602 failed at -2 in free span

tangent to K2 314 0.571
tubesheet- K9 325 .0.591

K10 340 0.619 1.071
----- ----- ------ ------- ----_--- ---- ------_. .------ ---------- ,

K3 15 2.69 2 330 2 0.633 crack initiation but tube
K4 350 0.672 failed at -3 in free span

K15 (296) (0.568) 1.204 abnormally low3
K16 366 0.703

1, ----- ----_ ------ ------- ---------- --- -------- _- -------------

$ K5 16 2.83 > 313 > 0.632 failed at -2 in free span

K6 > 298 > 0.602 failed at ~2 in free span

K11 > 297 > 0.600 >1.085 failed at -2 in free span

K12 > 287 > 0.580 failed at -2 in free span

K7 17 2.97 312 0.661
- K8 (336) (0.712) abnormally high

K13 > 297 > 0.629 1.126 failed at -3 in free span ;

K14 278 0.589

* The-reinforcement f actor RF is calculated by 0.98 (average of K)/0.545.
-Individual values of K differing by more than 10 % from the average have been diregarded.

.

_ . . _ _ _ _ _ _ ____.____.-_ Net -.___.___m___ _ _ _ _ _ ____
-
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TABLE 3-3 (a)
} 00eers.ATION BETWEEE or , UTS AND YS (from test results on axial through Vall Flaws
,

Metallurgical Data Geometrical Data Experimental Data Correlation Criteria Note
3

MATERIAL YS*' UTS* 1 t 2c c a CCD pc (M?a) oc ce UTS-or,

INDEX' IRT oc or-YS or (1)
'

... ......

MPa MPa mm am um ~- - ma ind. mean MPa MPa MPa UTS UTS-YS UTS+YS

M1 385 700 10.5 1.27 VARIOUS 1.0 VARIOUS 605 95 .86 .70 .56 (2)

21.9
M2 335 619 10.4 1.35 20 2.67 2.94 1.2 25.2 23.5 181 530 70 .88 .66 .56 (3)

25.6 ;
M3 380 675 8.95 1.05 16.5 2.57 2'.89 1.0 26.6 26.8 209 605 60 .91 .78 .57

'27.2
27.9 '

,

$* 27.4
'd M5 335 635 8.95 1:20 16.5 2.52 2.87 2.0 27.4 27.7 207 595 55 .91 .82 .61 (4)
1 28.0

,

i' 02 ,

28.0

605 760 9.7 0.77 14.5 2.66 2.93 .5 20.8 21 3 267 780 20 .98 .88 .57
M7 21.4

21.5
21.5

590 685 9.6 0.71 14.5 2.77 2.98 .7 17.1 18.0 245 730 -20 1.03 1.21 .57 (4)
M8 17.1 '

19.0 .
19.0

|
Formulas used in the calculation Notes

R = (e - t)/2 (1) Tests on parallel slits and on fatigue precracked specimen are not
a = 0.614 + 0.386 e - 2 88 c/#4*T*+0.866 C included-

/(RT) (2) Values from the program Al
o = pc & (3) An abnormal low burst pressure (pe = 17.5 MPa) was disregarded

t (4) The second slit of each specimen bursted at a lower pressure than the
ce = moe (cot true flow stress) first one; the first (higher) value was retained

from table 2-1 (values rounded off to the next 5 MPa)*

___ ,
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TABLE 3-3 (b)

PROGRAMS A3 AND A4 - STATISTICAL ANALYSIS OF or /(YS+ CTS)

COMBINATION OF 86 " QUALIFIED" DATA POINTS

7/8" - heat 1 3/4" 7/8" heat 2

UNPLATED PLATED UNPLATED PLATED

EDM CRACK EDM CRACK EDM EDM

BURST UNBURST BURST BURST BURST BURST UNBURST BURST -

DATA SET la 2** 3 4 5 6 '7 8 9

, nr 34 8 4 4 6 8 7 9 6
AVG 0.561 0.543 >0.555 0.547 0.571 0.584 0.541 >0.545 0.603

,E 0.033 0.020 0.045 0.020 0.029 0.032 0.015 0.046 0.014
5 B R R R t

T , nr 46 14 16
y AVG 0.557 0.578 0.543
*- E 0.032 0.030 0.035o
e . . . . . . . . . .

ADJUSTMENT 0.98 1- 0.95 0.98 0.98 x0.95 ' ;

|
AVG 0.546 0.547 0.549 0.532 0.562 ;

I 0.031 0.020 0.029 0.034 0.013 - )
e a

, nr 64 j
AVG 0.547 i

iE 0.030 1

E R

, nr 80

| AVG 0.544 -)
,E O.030 ''

I a e

l

86

I nrAVG 'O.545
E 0.030-

|

| * without tubesheet simulation ** with negligible effect irom tubesheet

| i

|

l

|
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TABLE 3-3(c)

PROGRAM A4 - TUBESHEET REINFORCING FACTOR (66 cases)

:

o CONDITION NUMBER 2c 2_c - RF
OF CASES (mm) /(RT),

7/8" a. flaw tip tangent to tube- 3 12 1.29 1.177
OD cheet 4 16 4.38 1.184

6 17 4.66 >1.140
5 18 4.93 1.135
9 -19 5.21 >1.077
4 20 5.48 1.044

--.--- ----_ -------------------.... ..__..____ _____ ...__.. .._.--__

b. flaw tip within tubesheet 3 16 4.38 1.084
2 18 4.93 1.046'
8 19 5.21 1.005

----.- .--.---------------..-----...-- ....-..___ .-__. ....... ---_ ___

c. flaw tip away from tubesheet 8 224 26~58 0.976
(distance of f arthest point)>

3/4" d. flaw tip tangent to tube- 4 14 4.47 1.071
OD sheet 3 15 4.79 1.204

4 16 5.11 >1.085
3 17 5.43 1.126

!

.

.

s

e

k
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. TABLE 3-3 (d)

PROGRAM A4 - TtiMSHEET REINFORCING FACTOR
EXPRESSED AS CRITICAL CRACK

1.JGTH MARGIN

e 2C* C*/I(Rt) m* RF m = m xRF C/((Rt) 2C (2C)a

mm mm mm

7/8" 15 2.055 2.397 1.247 1.922 1.495 10.9- 4.1
OD 16 1.192 2.515 1.193 2.108 1.715 12.5 3.5

17 2.329 2.633 1.151 2.288 1.928 14.1 2.9
18 2.466 2.751 1.118 2.461 2.130 15.5 2.5
19 2.603 2.869 1.092 2.627 2.322 17.0 2.0
20 2.740 2.988 1.072 2.787 2.508 18.3 1.7

3/4" 12 1.917 2.279 1.317 1.730 1.263 7.9 ~4.1
OD 13 2.077 2.416 1.238 1.952 1.532 9.6 3.4

14 2.236 -2.552 1.179 2.165 1.783 11.2 2.8
15 2.396 2.691 1.134 2.373 2.027 12.7 2.3
16 2.556 2.829 1.100 2.572 2.258 14.1 1.9
17 2.716 2.967 1.075 2.760 2.477 15.5 1.5

C and m refer to crack in free span
C* and m* refer to crack adjacent to tubesheet TS
m = 0.614 + 0.386 exp (- 2.25 c/I(Rt)) + 0.866 c/I(Rt)
RF = 1 + 10 exp (- 1.8 c*//(Rt))

A-3-51
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/
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/ /

3'- / \

, /" WHERE : A = 12(1-v'#1 \

. 2"
Y) : Poisson's ratio

g
,

g

C = Hoff crock length t_

1 R : Pipe mean . radius i
t : Pipe thano s \
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- YR. t . *
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PROGRAM A4 ( P R E L I M:1 N' A R Y )
FLAW A0jACENT TO THE ' TUBE 5HEET.

o FLAW LOCATED IN THE ' TUBE $HEET ( length outside T,5, )

P-(%)
P
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20-. .
+

+

+

15-

O
+ +

10 -

+

0

+

5- +

'
O

O

-5 , , 3

0 12 16 20 2I.

LENGTH OF DEFECT (mm)

rigure 3-2(j) Influence of the proximity of tubonhoot -
.

Increase in burst prosaure

. -
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Section 4

TilROUGli WALL CIRCUMFERENTIAL CRACKS

4.1. TjlEORETICAL MODE _h

The critical size of a circumferential through-wall flaw can be

calculated by the "collapue load" or "not section stress" theory (as

documented by various authora, e.g. (18), assuming a perfectly plastic

material.

This can be formalized in a way similar to the axial case, by defining

a "shapo factor" n.

Tube rupture (unntable circumferential crack propagation) occurs when

the local longitudinal stress no reaches a critical value or (flow.

atress) typical of the material.

The nominal circumferential atreso o.is calculated by

p (R - t/2)* pnR 8
= - =- (R/t 1)=p-

2 n Rt 2 Rt 2
..

Where p. Rt , R and t are an defined for the axial case.
|
|

The flow stress to also dotined by the same expresalon:aa for the

axial case

i

UTS) lor = 0.515 (18 +

:
,

A-4-1
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The "ohape factor" n will be derived hereafter in the case of pressure

loading for various configurations and assumptions

|
- with or without lateral support (from FDB or TSP)

- with or without friction effects (from the sealing patch used
in test.opecimens)

- with or without consideration of second order effect from the
tube thickness to diameter ratio.

4.1.1. Base model

It is common practice to consider the simple model an defined by

. Fig. 4-1 (a).

According to the " perfectly plastic" assumption, the~ stress

diatribution in the cracked section han a birectangular shape.

No restraint nor friction are assumed and the tube radius 10 only
,

considered at its mean value (this neglects second order thicknese

effect and will be referred to as the " thin wall" aosumption).

With the signo convention defined in Figure 4-1 ( a ), , the loads to be

conaldored are (moments being taken with respect to x axis).
,

Preasure : Fe = - 2 n Rt o
[ M, m 0

.
Reaction load i Fr '2 ((S - alot (n - D)ot]Rt= -

[ 2 of (2 S - a - n)Rt=

'S n
2 (or rcooOde - of rcosedelRtMr =

,a ,6
2 or (2 sin 0 . sin 12) R8 t< =

.

Solving the' equilibrium equations

0F, + Fr =

b Me . + Mr 0= <

yields o and D, hence j
l

:|
|

i

'

;

1

'A-4-2 )
o

!
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v.

- the chape factor

na of/o = tt/3/(arc cos (sin n/2) - a/2)

- the noutral axin position
'

sin a
h = R coa 6 = R /(1 - ( ): }

2

~4.1.2. General "thLn wall" moqql

This model upgrades the base model by considering both the friction

load induced by the sealing patch and the restraining effect of FDB or
'~TSP.

The model and sign convention are defined by fig. 4-1 (b).

Experimental evidenco indicates that a largo, well defined COD value

must be reached before unstable propagation can be initiated. Thio
.

requiros'a largo angular deflection at the cracked section.which is

provented by the lateral rostraint until plasticity is reached in tho-

tubo; thun to. allow largo deflectiono, tino bending moment resulting
from the restraint must reach the plastic threshold value

I

M. = - oy = nt R8 or
v

ilowever the "true" yield strength should be conaidored,- rather .than-

the conventionnal yS, which corresponds already to|a'O.2 % plastic

strain.

Thuo
- - ;

M. a kt R8 or where k s n

A-4-3
#
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1

For practical reasona, another paramotor will be unod

K = k o,/2 or
,

Thuo

1

|2 K L R8 of& =

with

K s nov/2 ot

The loads to be considered are now

2 n Rt aPressure E,
'

=- >

b Ffe =O

Friction Fr = 2 f a R 1p
b ?!t = 2 f sin a Ra 1p

Bending Fu =0
b Fin = 2 K or R t

Reaction Fr = 2 or (2 0 - a - n) Rt
b tir = 2 or (2 sin D - ein a) R8 t

Solving the equilibrium equations

+ fn + Fr =0Fe + Fr
b ble + Flv + tir = 0fin +

yields.

. n X sin a - K Xa ,

)c=-/ (are cos- -

2 2 2

X ain a - K
h = R.((1 .( 18 } -

'

2-

A-4-4
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|

whoro

2IR1
x=1 -

n (R - t/2)8

Au X in a function of the unknown n, this allows an analytical

solution only for t = 0 (X = 1).
;

The general caso can be solved numerically.

Caro muut.be taken to remain within the limits of applicability of

this approach. Indeed, for largo crack longtho, when a approachos n,

the tube may rupture under pure tension, without any significant

general deformation.

This corresponds to a tatigotit location of the neutral axis (D = ri), so

( that only the forco equilibrium needs to be solved, leading to
|

I

n a 2iR1
(1 - - )n* = -

n-a n (R - t/2): j

I i
.

.

.

,; and

I
1

n 2 na- ,

:!
It should be noted that, for the purely tenoilo failuro modo, the

" thin wall"~ approximation la not useful.

Taking' correct dimensiona into consideration yields.the following
1

- CQuilliollH |
1

I5R 8 ) ot -(n - a) + 2'aflRip = 0- n (R: 8 - Ri 8) o+ (R 8 -

pa n (R 8 - Rt 8) on Ri 8

' I

(.
'

A-4-5
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which'are solved.into<

e n a fl
na = or/o = (1 - 2 - --)

n-a n Rs

4.1.3. General "thigt wall" mode)

[ For " thick walled" pipes (R/t << 10), the above approximation would

lead to significa it inaccuracy. For the relatively thin-walled SG

tubes, no significant difference is expected, except maybe when a'is

very large (and K = 0) because the cosidual bending inertia of the-

remaining ligament is neglected by the " thin-wall" model.

'

Galy the principles of the " thick wall" approach will be outlined

hereafter.

The " perfectly plastic" assumption is kept for the material behaviour.

- The~ friction and reotraint-effect are taken into account similarly as.

for:the " thin wall" modal-

Three'different geometries must be considered in the derivation,ofithe

reaction load of the cracked section.

The geometries are' defined by Fig. 4-1.(c) as a-function of-the

neutral' axis location.
.

.
o

The correuponding reaction loads are established.as follows<
.

,

Cane.1
.c

n .h/cos(4 R .

o Fr = 2 or pdp - pdp 'de
'~

,a Rt , h/cose -

e

t

n - 2 h8 -

= or
'

-(Rs 8 +R 8) d6
'

,a cos8 0 .

= or {- '(R 8 +' R 8) (nc "a) - 2 h3 tg al'

,

f
'

k

,

s ']

A-4-6-
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. i
1

\
-

ij
l

I
1.;,

s . !

);

*n 'h/cose 'R --

2 or ' p2 cosedp - p2cosOdp- dE,Mr n
'

,u ,R ,h/conO - 1,

|
.

' 2 ot- *n - 2 h3 .

1 = - (R: 8 + '., * ) cose de
4- - - 3 ,

a . . cost e -

s

2 or . .

(Rt a +R 8) sin u - 2 h2 tg a=

3 - .

4

GiLULL1
4

|

- 'S 'R 'n 'h/cose 'R -r

2 or pdpde + pdp - pdp de.Fr =

, n, Ri ,B , Rt , h/cose - -

, . - 'n 2 h8 - u
( - Ri a -R 8')|de-

'

* or (Ra s - Ri 2) (D'- n).

+

, 6 cos e . . ,a< -

f.

-
. .

-
s

'

Rt * ) n - 2 h8 tg Sor 2.Ra 8. S - (R 8- -R 8) n- (Ra s +=

- .

'O 'R 'n - 'h/coes 'R: - -.

2 or p2 cosedpde + p*cosedp . pa conedp de<Mr =

,n,Rt ,D , Ri ah/cose- ~. .

a

R 3 - R: 2 'E 1 'n 2 h5 .

Rt 8) cone.de-2 or cosede +.- (- - Ra= .

- 3 ,a 3 ,6 cosa e .

2 or . .

2R 2 air. p - (R 3 - Rt 3) sin n'- 2 h8 tg D
. |=

3 - - 1

-!
f

I

1

,'
,

i

i

i,

i

,!
;

~1
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11 ,
i

|

.

C a n e '_3
i

i "Sa *R: ts - 'h/cose 'R . 'n 'R: .

'

2 of pdpd6 + pdp - pdp de - pdpdBfr. =

| , a , Ri , S: , Rt ,h/cose. , St , Rt .
'

1

1 -

I''
'S t 2 h2 .

!- ' or (Ra s Rt 2) (Bi S - a - n) ( - Rt 2 - Ra t -) de= . + +

|- -
, Sa cos2 0 -

\:

?

= of 2 (R 2 D: - Rt 2 Ds ) (Ra s - Ri a ) . (n + n) .

2 h8 (tg Si tg Sa)+ - .

- *0 'R 'B i - 'h/cooO 'R .

L 2 or p2 cosedpd6 + pa cogedp - pa cosedp' de=
,

,a,R , D: , Rt ,h/cose .f-

|. |
i

1

'n- *Ra -

- p2cosedpd8
, St , Ri .

R 3 - Rt 8 'D a 'n
2 of ( cosede -- cosede)= + ;,

- 3 ,a ,St.

1 'D i 2 h8 .

- ( R 2 - Rt 3) cosede
3 , Da con 8 0 .

2 or -
,

2 (R 3 sin 02 - Ri 8 - sin St ) - (R 3 - Ri 8) sin a '=

3 -

,

2 h) (tg St - tg sa)+
;

i

From"here on-the equilibrium equations c<.n be established,as before
~

'and solved numerically to yield n'and h.

i

1

,

.
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a
. 1

p.

3

- c

'Again, n is only valid 11

n . a f1

(1 - 2 - --)n a na =
1

; . n-a 11 Rt

Numerical results are given in Tables 4-1 (a)-to:4-1 (g) for 7/8" OD
' ' tubes and in Tables 4-1 (h)~to 4-1 (n) for 3/4" OD Lubes. Table 4-

1 (p) also comparea selected results by the " thin wall" and " thick

b wall" models. It can be verified'that the difference is negligible.

except for the largest a values.

4.2 13ffLIflENT%2RODRAMS AND TEST RESULT _S.
,

4.2.1. gb eclivesj
1

The experimental program, relative to circumferential through wall

cracks, was conducted by BELGATOM in 3. phases with the following
"

. specific objectives

- program C1 : validation of general. theory (base modell: for
unsupport,ed tubes. This phase was simultaneous to phace'2 of

5

the axial crack program completed in.1983.

s - program C2 : preliminary investigation-of the effect of
f lateral support completed in 1987.

- ~ program C3 : validation of the general analytical model'for
both supporte .i and unsupported 'tubeu completed in 1989.

i
t

4.2.2. Procram C1_and tent resq13s
;

This program involved only a preliminary' investigation ~on 4 3/4" OD'
3

tout specimens, each being provided with 2 EDM througty wall
circumferential flaws (tent-pieces N*, 9; 10; 11 12'in Table 2-2(b))..

1

The external OD inngth of defects covered 'the~ range from ISLtof31-mm,
corresponding to an angle opening-2 a of 90-through 186 deg. However,

-

the lower value (2 flaws) did not allow circumferential failure (the
hoop' stress prevailing over'the cracked section axial stress); test |

~

results from the remaining 6-flaws 'are. listed'in Tables 4-2 (a) and 4-

2: (b)'and illustrated oy Fig. 4-2 (a).
'

,

'A-4-9. ..
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I

4.2.3. Prouram C2 and test results
.

'
'

This program was limited'to a preliminary investigation of the

: beneficial effect (increase of critical pressure or critical length).
I

provided by lateral restraint.

More specifically, tho' program was aimed at cross-checking some
'

experimental results presented by WESTINGHOUSE on the effect of an'
,

offset of the flow distribution baffle FDB (see Fig. 4-2 (b)); these

results were showing a steep decrease of burst pressure as the result

of a lateral offset of the FDB, which BELGATOM considered-to be.

inconsistent with the " secondary" loading type (imposed displacement).

. . Eight test specimens of 3/4" OD tubing were pressure burated under the
t

following conditions
4

- 1 without flaw

- 2 without lateral reatraint (2 a = 105 and 180 deg, of arc)

I -- 1 with contered lateral restraint (105 deg. of arc)
-

,

- 4 with offset lateral restraint (10 and 20 mm, 105 and
'

100 deg. of arc).

The test specimens and testing conditions are further defined in Table

4-2'(c) which also reports the corresponding test results.

The results are.also summarized in Fig. 4-2 (c) for comparison to the

initial data reported by WESTINGHOUSE. This confirms that.an FDB,

offset does not significantly reduce the beneficial effect of lateral

restraint, especially for the larger crack sizes. The large |
idiscrepancy with the W results was explained later on when the

associated testing conditions.were learned : no reinforcing-patch was
,

used by W and the reported. pressures referred to extrusion of the
'

,

plastic bladder (without any crack propagation). When-a lateral FDB
1

offset is imposed, the flaw mouth is opened even before pressure.is

applied, so.that the " extrusion pressure" is very.much lowered while

the effective:" burst pressure" isLnot significantly affected; thus;the

L W results were so overly conservative as to become useless and even

misleading,
l

j

1
'
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for some tests of the phase 2 BELGATOM program, the tube deformations

and displacements were also documented'as illustrated by Figures-4-2

(c).to 4-2 (h).

The latter Figure shows that unstable propagation occurs when the

asial extension reaches about 1.0 mm in length; most of this measured,

extension corresponds to the plastic deformation of the' ligament in

the cracked section. This explains why the observed constant value is

j- close to the critical COD measured at both ends of the crack.

4.2.4. [' rgg_r_a m C 3 a nd t e s t results
. .

Program C3 was initiated by BELGATOM in 1988 as a consequence of some

reported occurences of circumferential cracking in the tube roll

transition area of plants outside Belgium.

This was an incentive to provide less conservative and well documented-

plugging limits that could be applied to the Belgian plants in case of

similar occurences.y

Program C3 consists of two subsets of test specimens

- the first subset,' aimed at the Belgian aream generators of
>'

more immediate concern, used 7/8" 05 tubing and investigated
a range of crack lengths

from 120 to 240 degrees of arc, in the unsupported,

condition ,

from 180 to 300 degrees of arc, in the supported condition..

- the second subset, aimed at extrapolating the first results'
to the case of 3/4" OD tubing, investigated thoroughly a
smaller range of crack lengths of direct interest for the
establishment of tubo plugging limits, i.e.,

165 degrees of arc, in the unsupported condition.

E 270 and 300 degrees of arc,.in the supported ~ condition..

!

The first ocbsat included 25 specimens. Simulation ofilateral support;
was. generally aimed at the combination of flow Distribution Raffle FDB

| and first Iube Gupport Elate TSP'. A few cases of support by TSP only

L were also considered. All tests were conducte'd with no impound offset~

.
from the restraintr.9 plates.'Even the. unrestrained specimens were

2

4

!

s
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tested within a simulated tubesheet, the circumferential flaw being

located 6 mm outside the constraining collar.

4

The test specimens and testing conditions are further defined in Table

4-2 (d), which reports the corresponding test results as well,
p

These include

| - The burst pressure pc, in the 150 to 600 bar range.

- The maximum value of tube lateral deflection, which was
contin:ously recorded during pressurization.

~

- The Crack Opening Displacement COD, measured by the flaw
width increase (average of both ends) on the failed L

specimens.

,

- A short description of the .ailure mode.(extent of
circumferential propagation).!

The experimentally derived " shape facto " n = o to is a.'uo listed for.

. further comparison to the -*-'retical approach.

In some caren, the full profile (lateral deflection) of the deformed

test specimons'has also been documented; an example is #11ustratri by

; Fig. 4-2 (1). Fig. 4-2 (j) illustrates the burst behaviour based on

j video recording.

The second subset includes 17 specimens of 3/4" 0D, of w'iich only 3

were tested in the unsupported condition (single value of 165 degrees

of arc, selected close to the critical crack size under accidental

| conditions),

1

. The remaining 14 specimens were tested under a variety of lateral
_

restraint configurations, fully representative of model D4 steam

generator geometry.

- Flow Distribution Baff.le only (FDB located at.150 mm from
tubesheet)

Tube Support Plate only (TSP located at 900 mm from-

tubeshoot)
,

- Combined FDB and TSP.

|
E
!
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'l
The effect of a plate offset, in the 10 to 20 mm range was also,

investigated for the FDB configuration.

'All of these conditions were tested for 2 crack lengths (270 and 300

degrees of arc, selected in the range of-the critical sizes under

accidental conditions.

As for the first subset, all specimens were tested within a simulated

tubesheet, the circumferential flaw being located 6 mm away from the

3 - constraining collar.

The test specimens and testing conditions are further defined in Table

4-2 (e), which also reports the corresponding. test results as well

These include
,

- the burst pressure pe, in the 300 to 600 bar range.

the maximum value of the lateral load on the restraining--

plate which was continuously recorded during pressurization;
the corresponding moment, at the cracked section, is,also
reported for comparison with the theoretical approach.

the crack opening displacement COD, measured by the flaw-

width increase (average of both ends) on the failed
specimens.

- a short description of the failure mechanism with the total
amount of circumferential' propagation.

| The experimentally derived "uhape factor" n = or/c is also listed for

further comparison to the theoretical approach.

,

Fig. 4-2 (k) illustrates a typical record of pressure and load t1me

history for the specimen N6 20,

i

In a few cases, the full profile (lateral deflection) of the deformed y

;. test specimens has also been documented,
i
i

1

4
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4.3- QJsCyj!ROLofEjyIJjl.

4.3.1. PhoJ1opigp_olggy

4.3.1.1. Failure mode

for all burat testo (a total of 51 flawa), the reported critical

]t pressure c">rresponds to unstable propagation; at this pressure,-there

is on initantanonu? crack extension at both endo of the initial flaw :|

(ranging from crack ini t ia t ion. . ,a traction of mm long, to full
circumferential neverance). Crack arrest, when present, results from

.

the quich preannre drop c' the unce:.prensible pressurizing medium; j
this would never be expected from hot. water or gas pronourization.-

In caten of small flaws, typically 105 degrees of arc , the general
#' -swellirg of the tube under the very high burst presoure.may-load to a
'

. prevailing axial crack failure initiated at one of the circumferential'

flaw ento (resulting in-a " flap behaviour").

Stable : rack growth was gt;nerally not observed, as evidenced by
"

.

visual-examinatAon and/or-video recording of the flaw--

behaviour during pressure build-up.

| - final examination of either
~

the non tailed flaw for those samples containing'two
~

.

identical defects
.

,

. the non failed flaw when the teot was arrested through. .
c

-

leakage'(unually with extruoion of the reinforcing patch)
at a pressure close to the expected.burot value.

.
~ ' '

:

llowever'a small amount'of stable crack initiation was. occasionally.

| reported.

Fracture appearance was typicall'y ductile, with 45". shear. lips:and-~

; -signifIcant wall. thinning, ao for the axial case.

4.3.1.2. Plastic deformations,

Local plastic deformations are observed before unstabilit'y is reached,.

. - , .

.but to a lesser extent than for.the axial case. ..g,

?

!

;
;-
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The most typical _ feature is:the-blunting of the flaw tips,-or grack*

.0_pening tisplacement COD, _ increasing up to a fairly. constant failure
value of about 1 mm for EDM flaws (no testing was performed with

,

.
- sharper-corrosion or fatigue cracks).

4.3.1.3 Scaling patch behaviour

At the burst pressure, leaktightness is lost through perforation'of~

the plastic bladder and the metal patch (1 or 2 shims) may either

stay intact in place or-

be extruded, without any tearing, through the opening flaw-

- tear along the crack in the circumferential~ direction
.

- tear in a mixed mode of ax.ial and circumferential components 9
'

with occasional ejection of'a small detached part.

The first behaviour is usually associated with the lower burst

pressures '(typically less Ehan 300'bar).
t

' The sealing patch behaviour clearly influences the burst pressure-
*

value, especially for the case of the longest flaws. The influence of
,

the corresponding friction load can be taken into account in the

. analytical model and is further discussed in Section 4.3.2. hereafter.

- 4.3.1.4. Effect o[11oading path ,

In cases where a test was interrupted by full unloading at-a. pressure-

level close to the expected failure value, additional failure appeared

to be premature (bursting at a pressure equal to or lower than the

initial one).

This oligocyclic plastic fatigue process may haveLreduced somewhat'the-

reported burnt pressures and contributes'some conservatism to the
~

experimental program, as already commented for the axial case.-
,

4.3.1.5. Load on lateral restraint
-

1;
- Loads measured on the restraining plates FDB or TSP are a quasi linear

L' function of pressure until plastic deformation is reached <in theffull |
'

' '

-(uncracked) tube section (see Fig. 4-3-(a)).

s
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4.3.2. Model validation with and without lateral restraint
i

!
All expurimentally derived values of the " shape factor" n = or/o were

'

tilotted as a f unction of the angular crack length (Fig. 4-3 (b)') and

compared with the predicted model values as discussed under Section

4.1.

i

The. friction factor f was assumed to lie in the 0.1 to 0.2 range. |

For the supported configurations (lateral restraint from simulated FDB

and/or. TSP), an appropriate value of the K parameter was selected

according to the following procedure.

For a 3/4" tube OD, the section modulus is

I R 4 - Ri i
= 8 3. 2 10- * m8-=

v 4 R:

4

where-R and Rt denote respectively outside and inside radius of the

tube.

.

For subset 2 of program C3, the only part where the restraining load

was measured and documented, the yield strength is 346 MPa, leading to

I

(-) or = 29 Nm
v

<

and a K value may be defined by

or M.
K= ~~ = 0.01065 M.

2 of 29

where M. is the measured value of the restraining bending moment.
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|

Average measurements yield.

& = 73 Nm for FDB oupport
'

!
54 Nm for TSP support |

with corresponding K values of 0.78 and 0.58, respectively.

This led to the selection of K = 0.6 which is shown by Fig. 4-3 (b) to- '

compare fairly well with the-full set of experimental data.,

.

. Thuo K = 0.6 (w be considered as a practically lower bound value -

which can be usect (with f = 0) in theoretical analyses.

,

4

1

1!

r

I

!

1

4
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h

I

1

A-4-17
,

!
..

. . - = . _ . . _ . _ - , - _ _ . _ . -.- -. ._.._ _ . . . . .



. . .- -.- -_ .- . . - . .

I

f

'

Table 4-1 (a)

NET SECTION STRESS ~ TIIICK WALL MODEL FOR 7/8"~OD

.

CIBCUMFEHENTIAL CRACK - NEUTRAL AXIS and SHAP!; FACTOR FOR R s 0.

ALPHA F=0 F*.I F 5 . 2.
degree H SF 11 SF lt - S .T -

175 -0.660 999.99 -0.660 999.99 -0.660 652.65
170 -0.620 592.55 -0.620 500.54 -0.620 424.54
165 -0.553 386,00 -0.553 331.39 -0.553 276.76
160 -0.458 272.32 -0.450 233.85 -0.458 195.37
155 -0.337 192.95 -0.338 165.75 -0.339 ~ 138.55'

150 -0.221 134.49 -0.222 115.$8 -0.223 96.'67
145 -0.115 93.76 -0.110 80.611 -0.118 67.46-
140 -0.018 66.15 -0.020 56.91 -0.023 47.66
135 0.083 47.G3 0.079 40.99 0.074 34.39-
130 0.196 35.09 0.189 30.24 0.179 25.39
125 0.290. 24.51 0.298 22.84 0.284 -19.21
120 0.419 20.39 0.389 16.96- 0.381 14.85
115 0.520 16.00 0.497 13.86 0.467 11.71'
110 0.590 12.39 0.578 11.09 0.537 9.40 *

105 0.681 10.36- 0.641 9.02 0.5'38 7.67
~ 100 0.735 8.52 0.685 7.44- 0. r,19 6.36

95 0.769 7.09 0.690 6.13 0.327 5.34 !
,

90 0.780 5.98 0.690 5.20 0.613 4.54
d5 0.769 5.09 0.683 4.50 0.577 3.91
80 0.735 4.38 0.639 3.89 0.523 3.41
75 0.681 3.80 0.577 3.40 0.453 3.00
70 0.590 3.30 0.498 2.99 0.369' 2.66
65 0.520 2.94 0.390- 2.64 0.278 2.39
60 0.419 2.62 0.289 2.37 0.181 2.16
55 0.290 2.33 0.189 2.14 0.084 1.96
50 0.196 2.11 0.095 ;1.96 0.011- 1.81
45 0.083 1.92 0.011 1.80 AXIAL FAILURE
40 -0.018 1.75 AXIAL FAILURE
35 AXIAL FAILURE |

1

,

t.-

A-4-18- |
1

|

'&_ - - , ..



-> - - - - . . ._. ,

2

Table-4-1 (b)

NET SECTION. STRESS - THICK WALL MODEL FOR 7/8" OD.
|

'

.

CIRCUMFERENTIAL CRACK - NE.UTRAL AXIS and SHAPE FACTOR FOR K = .5
,

ALPHA F=0 F=.1 F=.2
degrea H SF H SF H SF

175 -1.270 36.00 -1.270 31.02 -1,270 26.04,

170 -1.270 18.00 -1.270 15.58 -1.270 13.16
165 -1.270 12.00 -1.270 10.43 -1.270 8.07
160 -1.270 -9.00 -1.270 7.06 -1.270 6.72
155 -1.270 7.20 -1.270 6.32 -1.270 5.44<

150' -1.270 - 6. 00 - -1.270 5.29 -1.270 4.58.
145 -0.986 5.82 -1.027 5.02 -1.090 4.21
140 -O.827 5.62 -0.865 4.84 -0.920- 4.07
135 -0.699 5.39 -0.738 4.65 --O'793 3.92 -.

130 -0.592 5.14 -0.633 4.44 -0.691 3.75
.125- -0.489 4.93 -0.545- 4.22 -0.590 -3.61
120- -0.425 'd.59 -0.472 3.98 -0.538 3.38

'

115 -0.362 4.30 -0.413 3.74- -0.483 3.18-
110. -0.310 4.01 ' 0.366 3. 5 0.- -0.442' 2.98'-

105 -0.271 3.72' -0.331 3.26 -0.' 413 - 2.79
'100 -0.243 3.45 ' 0.290 3.07. -0.397 2.60-

95 -0.226 3.10 -0.297 2.81 -0.3931 2.43-
90' -0.220 2.94 -0.297 2.60 -0.400. 2.26
85 -0.226 2.71 -0.290 2.43 -0.419 2.11
80 -0.243. 2.49 -0.332 2.23 -0.450 1.96
75 -0.271 '2.30 -0.366 2.06 -0.492 1.83
70 -0.310 2.12 -0.412 1.92 -0.545 1.71
65 -0.362 1.96 -0.470 1.78 AXIAL FAIiURE
60 -0.425 1.81 AXIAL FAILURE
55 -0.489 1.69 AXIAL FAILURE
50 AXIAL FAILURE

- l
q

u
i
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Table 4-1 (c)

NET GECTION STRESS - TillCK WALI. MODEl, FOR 7/8" OD

CIRCUtWERENTIAL CRACK - flEUTRAL AXIS and SRAPE FACTOR FOR K = .6

ALPilA F=0 F=.1 F=.2
degrea H SF H SF H SF

175 -1.270 36.00 -1.270 31.02 -1.270 26.04
170 -1.270 18.00 -1.270 15.58 -1.270 13.16
165 -1.270 12.00 -1.270 10.43 -1.270 8.87'
160 -1.270 9.00 -1.270 7.86 -1.270 6.72
155 -1.270 7.20 -1.270 6.32 -1.270 5.44
150 -1.270 6.00 -1.270 5.29 -1.270 4.58
145 -1.270 5.14 -1.270 4.55 -1.270 3.96
140 -1.072 4.78 -1.142 4.13 -1.270 3.50
135 -0.089 4.65 -0.961 3.98 -1.048 3.36-
130 -0.778 4.42 -0.834 3.82 -0.915 3.23
125 -0.676 4.21 -0.733 3.65 -0.815 3,09
120 -0.592 4.00 -0.651 3.47 -0.736 2.95
115 -0.523 3.77 -0.586 3.28 -0.675 2.80
110 -0.468 3.55 -0.535 3.09 -0.629 2.64
105 -0.425 3.32 -0.497 2.91 -0.598 2.49
100 -0.395 3.10 -0.473 2.72 -0.500 2.34

95 -0.377 2.88 -0.461 2.54 -0.576 2.20
90 -0.371 2.68 -0.461 2.37 -0.584 2.07
85 -0.377 2.48 -0.474 2.21 -0.589 1.95
80 -0.395 2.30 -0.498 2.06 -0.638- 1.82
75 -0.425 2.14 -0.536 1.92 -0.684 1.71
70 -0.468 1.98 -0.585 1.79 AXIAL FAILURE
65 -0.523 1.84 -0.649 1.68 AXIAL FAILURE
60 -0.592 1.71 AXIAL FAILURE
55 AXIAL FAILURE

I
i I

| 1
*
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Tabic 4-1 (d) j
NET SECTION STRESS - THICK WALL MODEL FOR 7/8" OD

CIRCUMFERENTIAL CRACK - NEUTRAL AXIS and SHAPE FACTOR FOR K ='.7

ALPRA F=0 F=.1 F=.2
degree H SF H SF H SF-

175 -1.270 36.00 -1.270 31.02 -1.270 26.04
170 -1.270 18.00 -1.270 15.58 -1.270 13.16
165 -1.270 12.00 -1.270 10.43 -1.270 8.87
160 -1.270 9.00 -1.270 7.86 -1.270 6.72
155 -1.270 7.20 -1.270 6.32 -1.270 5.44
150 -1.270 6.00 -1.270 5.29 -1.270 4.58
145 -1,270 5.14 -1.270 4.55 -1.270 3.96
140 -1.270 4.50 -1.?70 4.00 -1.270 '3.50
135 -1.270 4.00 -1.270 3.57 -1.270 3.15
130 -0.989 3.91 -1.094 3.36 -1.270 2'86.

125 -0.077 3.72 -0.956 3.23 -1.083 2.73
120. -0.778 ::.55 -0.856 3.08 -0.975- 2.62
115 -0.700L | | : . 37. -0.760 2.93 -0.899 2.50
110 -0.638 i| 18 -0.722 2.78 -0.844. 2.38
105 -0.592 3.00 -0.680 2.63 -0.790 2.27
100 -0.559 2.82 -0.653 2.47 -0.787 2.14

95 -0.540 2.64 -0.640 2.33 -0.782- 2.02
90 -0.533 2.46 -0.640 2.18 --0.791 1.90
85 -0.540 2.30 -0.654 2.05 -0.815 1.-80
80 -0.559 2.14 -0.681 1.92 -0.854 1.69.
75 .~0.592 2.00 -0.723- 1.80 AXIAL FAILURE-
70 -0.638 1.86 -0.780 1.69 AXIAL FAILURE
65 -0.700 1.74 AXIAL FAILURE
60 AXIAL FAILURE-

.<

[!
. . ,

"
A-4 - 21

|

- . . - - -



. . . .. . . . . - , _
, .

(

Table 4-1 (n)

Nifl'!IhCTION STRHUS - TillCK WA!>I, MODEt FOR 7/8" OD

CIRCUMFERENTIAL CRACK - NEUTRAL AXIS and SHAPE FACTOR-FOR R ='.8
ALPHA'

. il SF II SF 11 sy
F=0 F=.1 F=.2degroo

175 -1.270 36.00 -1.270 31.02 -1.270 26.04170 -1.270 18.00 -1.270 15.50 -1.270 13.16
,

165 -1.270 12.00 -1.270- 10.43 -1.270 8.87160 -1.270 9.00 -1.270 7.06 -1.270 6.72155 -1.270 7.20 -1.270 6.32 -1.270 5.44150' ~1.270 6.00 -1'.270 '5.29 -1.270 '4.58145 -1.270 5.14 -1.270 4.55 -1.270 3.96140 -1.270 4.50 -1.270 4.00 -1.270 3.50135 -1.270 4.00 -1.270 3.57 -1.270 '3.15130 -1.270 3.60 -1.270 3.23 -1.270 2.06125 -1.152 3.34 -1,270 2.95 -1.270 2.63
-

120 -0.909 3.21 -1.132 2.70 -1.270 2.43115 -0.090 3.07 -1.019 2.66 -1.270 2.27.110 -0.032 2.09 -0.944 2.53. -1.134- 2.17105 -0.778 2.74 -0.892 2.40 -1.077 2.06100 -0.741 2.58 -0.860 '2.27 -1.017 1.96-95 -0.71F 2.43 -0.044 2.15 -1.039- 1.8790 -0.772 2.28 -0.044 2.03 -1.052- 1.7765 - 0 . 7 '. 9 - 2.14 -0.861 1.91 -1.087 1.6000 -0.741 2.01 -0.094 1.80 -AXIAL FAILURE75 -0.770 1.00 -0.945 1.69 AXIAL FAILURE70 -0.832 1.76 AXIAL FAILURE
65 AXIAT. FAILURE

4

4

-
.
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Table 4-1 (f)

NET SECTION STRESS - TilICK WAlit,MODEle FOR 7/8"'OD

i

,

CIRCUMFERENTIAL CRACK - NEUTRAL AXIS and SHAPE FACTOR FOR K = .9

ALPilA F=0 F=.1 F=.2'
degree H SF 11 SF H- SF

175 -1.270 36.00 -1.270 31.02 1.270 26.04
1.270' 15.58 -1.270 13.16170 -1.270 16.00 -

165 -1.270 12.00 -1.270 10.43 -1.270 .8.87 <

160 -1.270 9.00 -1.270 7.86 -1.270 6.72

155 -1.270 7.20 -1.270 6.32 -1.270- 5.44
150 -1.270 6.00 -1.270 5.29 -1.270 4.50'

145 -1.270 5.14 -1.270 4.55 -1.270 3.96
140 -1.270 4.50 -1.270 .4.00 -1.270- -3. 50 -
135 -1.270 4.00 -1.270 3.57 -1.270 3.15

'1.270 3.23 -1.270 -2.86130 -1.270 3.60 -

125 -1.270 3.27 -1.270 2.95 -1.270 2.63

120 -1.270 3.00 -1.270 2.72 -1.270 2.43

115 -1.270 2.77 -1.270 2.52 -1.270 '2.27'

110 -1.000 2.66 -1.270 2.35 -1.270 2.12
105 -0.989 2.54 -1.270 2.20 -1.270 2.00
100 -0.957 2.39 -1.139 2,11 --1.270 1.89-

95 -0.929 2.26 -1.113 2.00 1-1.270 1.80

90 -0.920 2.13 -1.114 1.89 -1.270 1.72
85 -0.929 2.01 -1.141 1.79 AXIAL FAILURE . ,.

3
80 -0.957 1.89 -1.270 1.69 -AXIAL FAILURE

!

75 -0.989 1.78 AXIAL. FAILURE
4 70 -1.080 1.67 AXIAL FAILURE

65 AXIAL FAILURE

i

|

I|
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ITable 4-1 (g)

NET SECTION STRESS - TilICK WALL MODEL FOR 7/8" OD
:

's

CIRCUMFERENTIAL CRACK - NEUTRAL AXIS and' SHAPE FACTOR FOR K = 1

ALPILA F=0 F=.1 F=.2
degree !! SF II SF H SF .!

175 1.270 36.00 -1.270 31.02 -1.270 26.04-

170 1.270 18.00 -1.270 15.58 -1.270 13.16 <-

1.270 12.00 -1.270 10.43 -1.270 8.87 !165 -

160 -1.270 9.00 -1.270 7.86 -1.270 6.72
155 -1.270 7.20 -1.270 6.32 -1.270 5.44
150 -1.270 6.00 -1.270 5.29 -1.270 4.58

'

145 -1.270 5.14 -1.270 4.55 -1.270 3.96
140 -1.270 4.50 -1.270 4.00 -1.270 3.50
135 -1.270 4.00 -1.270 3.57 -1.270 3.15

-130 -1.270 3.60 -1.270 3.23 -1.270- 2.86
125 -1.270 3.27- ~1.270 -2.95 -1.270 2.63
120 -1.270 3.00 -1.270 2.72 -1.270 2.43 l
115 -1.270 2.77 -1.270 2.52 -1.270' 2.27 |

110 -1.270 2.57 -1.270 2.35 -1.270 ' 2.12 -
105 -1.270 2.40 -1.270 2.20. -1.270 2.00.
100 -1.270 2.25 -1.270 2.07 -1.270 1.89

95 -1.270 2.12 -1.270 1.96 -1.270 1.80
90 -1.270 2.00 -1.270 1.86 -1.270 1.72 .,

{85 -1.270 1.89 -1.270 1.77 AXIAL FAILURE '

00 -1.270 1.80 -1.270 1.69 AXIAL FAILURE :
75 -1.270 1.71 AXIAL FAILURE
70 AXIAL FAILURE

i

j

.
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Table 4-1 (h)

NET SECTION DTRESS - TilICK WALL MODEL FOR 3/4" OD

CIRCUMFERENTIAL CRACK - NEUTRitL AXIS and SHAPE FACTOR FOR K = 0

ALPilA F=0 F=.1 F= 2
degree H SF H SF H SF

175 -0.567 999.99 -0.567 993.03 -0.567 796.46
170 -0.532 592.09 -0.532 494.17 -0.533' 396.25
165 -0.474 385.66 -0.475 322.00 -0.475 258.33
160 -0.393 272.11 -0.393 227.27 -0.394 182.43
155 -0.290 192.86 -0.291 -160.88 -0.291 129.23
150 -0.190 134.38 -0.191 112.34 -0.192 90.30
345 -0.099 93.75 -0.089 109.14 -0.089 91.56-
140 -0.016 66.13 -0.018 5b.36 -0.021 44.57
135 0.071 47.64 0.067 39.89 0.061 32.19
130 0.167 35.09 0.160 29.44 0.150 23.78
125 0.264 26.46 0.253 .22.23 0.238 18.00
120 0.358 20.38 0.342 17.16 0.319 13~93.

115 0.445 16.00 0.422 13.50 0.389 11.00.

110 0.521 12.78 0.490 10.81 0.446 8.84
105 0.583 10.36 0.542 8.79 0.485 7.23
100 0.630 8.52 0.578 7.26 0.490 5.86

95 0.658 7.09 0.595 6.07 0.490 4.96
90 0.668 5.98 0.593 5.14 0.493 4.31
85 0.658 5.09 0.571 4.40 0.459 3.72
80 0.630 4.38 0.532 3.81 0.390 3.21
75 0.583 3.80 0.477 3.33 0.348 2.86
70 0.521 3.33 0.390 2.91 0.276 2.55
65 0.445 2.94 0.330 2.62 0.198 2.29
60 0.358 2.62 0.244 2.35 0.117 2.08
55- 0.264 2.34 0.155 2.12 0.030 1.90'

50 0.167 2.11 0.067 1.93 -0.032 1.75
45 0.071 1.92 -0.013 1.77 AXIAL FAILURE
40 -0.016 1.75 AXIAL FAILURE
35 AXIAL FAILURE

f

r

(

.

A-4-25

. _ . - . _ - ._ .-_ _ _



, , - . .m . . _ , ~ . . . . . . . - -- -- .._- _ . - . . - - ~ ~ - - ~ . - - -
.

Tobin 4 -1 (1)
..

NI;T Ul;CTION tiTREUU - TillCK WAl.h MODUL l'OR 1.1/ l" 01) "

CIRCUMFERENTI AL CRACK - NEUTRAL AXIS and SilAPE FACTOR FOR K = .5

; .) Pl!A Fa0 Fa.1 F=.2'

dugroo !! SF }f SF 11 SF

175 -1.090 36.00 -1.090 30.19 -1.090 24.38'
170 -1.090 10.00 -1.090 15.10 -1.090 12.36
165 -1.090 12 00 -1.090 10.17 -1.090 0.35

-

160 -1.090 9.00 -1.090 7.67 -1.090 6.34
155 -1.090 7.20 -1.090 6.17 ~1.090 5.14
150 -1.090 6.00 -1.090 5.17 -1.000 4.34
145 -0.047 5.02 -0.000 4.00 -0.961_ 3.94
140 -0.690 5.72 -0.749 4.72 -0.011 3.82'
135 -0.589 5.45- -0.640 4.53 -0.689 3.71-
130 -0.490 5.24 -0.550 4.33 -0.615 3..' 5 2
125 -0.431 4.07 -0.476 4.11 -0.544 3.35,

"

120 -0.365 '4.59 -0.414 3.08 -0.406 3.17
115 -0.311 4.30 -0.363 3.65 -0.441 2.99
110 -0.267 4.01 -0.324 3.41 ~~0.390 2.'85
105 -0.233 3.72 -0.294- 3.18 -0.385 '2.64

.100 -0.190 3.51 -0.276 2.96 -0.373 '2.47-
95 -0.194 3.10 -0.267 2.74 -0.372 2.30-
90 -0.189 2.94 -0.260 2.54 -0.380 2,15,

85 -0.194 2.71 -0.279 2.36- -0.399 2.01
80 -0.190 2.52 -0.300 2.10 -0.420 1.07
75 -0.233 2.30 -0.330 2.03 -0.466 1.75
70 -0.267 2.12 -0.371 1.88= AXIAL FAILURE,

65 -0.311 1.96 -0.421 1.75 AXIAL FAILURE
60 -0.365 1.01 AXIAL FAILURE
55 -0.431 1.60 AXIAL FAILURE
50 AXIAL FAILURE
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Table 4-1 ( jl-

NET UECTION STRESG - TilICK WAI1, MOdHl FOR 3/1" OD I

Ci!te EERENTIAL CRACK - NEUTRAL AXIS and SHAPE FACTOR FOR K = .6

ALPHA F=0 F=.1 F=.2
degreo !! SF H SF H. SF

"
175 -1.090 36.00 -1.090 30.19 -1.090 24.38
170 -1.090 18.00 -1.090 15.18- -1.090 .12.36-
165 -1.090 12.00 -1.090 10.17 -1.090- 8.35
160 -1.090 9.00 -1.090 7.67 -1.090 6.34
155 -1.090 7.20 -1'.090 6.17 -1.090 5.14
150 -1.090 6.00 -1.090 5.17 -1.090 4.'34
145 -1.090 5.14 -1.090 4.46 -1.090< 3.77
140 -0.920 4.78 -0.994 4.02 -1.090 3.34'
135 -0.777 4.61 -0.835 3.88 -0.935 3.15
130 -0.668 4.42 -0.725 3.72. -0.817 -3.03
125 -0.581 4.21 -0.639 3.56 -0.730 2.90-

~

120 -0.490 4.06 -0.569 3.30 -0.664 2.77
115 -0.449. 3.77 -0.514 3.20 -0.613 2.63 -

110 -0.389 3.58' -0.471 3.02 -0.576- 2.49
105 -0.365 3.32 -0.440 2.84 -0.551- 2.36.
100 -0.340 3.10 -0.419 2.66 -0.538 2.22 *

95 -0.324 2.88 -0.390 2.52 -0.536 2.09
90 -0.319 2.68 -0.411 2.32 -0.546- 1.96
85 -0.324 2.48 -0.423 2.16 -0.566 1.85
80 -0.340 2.30 -0.445 2.02 -0.598 1.74
75 -0.365 2.14 -0.478 1.89 AXIAL' FAILURE
70 -0.389 1.99 -0.522 1.76 AXIAL FAILURE
65 -0.449 1.84 AXI AL FAILURE
60 -0.490 1.73 AXIAL FAILURE
55 AXIAL FAILURE

|
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Table 4-1 (k)
.

NET DECTION STRESS - TillCK WALL MODEL FOR 3/4" OD

.

CIRCUMFERENTIAL CRACK - NEUTRAL AXIS and SHAPE FACTOR-FOR K = .7

- ALPHA F=0 F=.1 F=.2
. degree H SF H SF H 'SF

175 -1.090 36.00 -1.090 30.19 -1.090 24.38
170 -1.090 18.00 -1.090 15.18 -1.090 12.36
165 -1.090 12.00 -1.090 10.17 -1.090 8.35
160 -1.090 9.00 -1.090 7.67 -1.090 6.34'

155 -1.090 7.20 -1.090 6.17 -1.090' 5.14
150 -1.090 6.00 -1.090 5.17 -1.090 4.34
145 -1.090 5.14 -1.090 4.46 -1.090 3.77

.' 140 -1.090 4.50 -1.090 3.92 -1.090 3.34
135 -1.090 4.00 -1.090 3.50 -1.090 3.00
130 -0.863 3.09 -0.956 3.28 -1.090 2.74
125 -0.753 3.72 -0.835 3.15 -0.987 2.57
120 -0.668 3.55 -0.749 3.01 -0.885 2.47
115 -0.589 3.39 -0.684 2.06 -0.018 2.36
110 -0.548 3.18 -0.635 2.71- -0.772 2.24
105 .-0.490 3.03 -0.599 2.56 -0.742 2.13
100 -0.480 2.82 -0.577 2.42 -0.727 2.02.

95 -0.464 2.64 -0.566 2.27 -0.725 1.92.
90 -0.458 2.46- -0.568 2.14 -0.736 1.81
85 -0.464 2.30 -0.581 2.01 -0.761 1.71
80 -0.480 2.14- -0.590 1.89 AXIAL FAILURE
75 -0.490 2.02 -0.643 1.77 AXIAL FAILURE
70 -0.548 1.86. AXIAL FAILURE
65 -0.589 1.75 AXIAL FAILURE
60 AXIAL ~ FAILURE

i-
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Table 4-1 (1)

NET ||ECTION UTRESS - TilICK WAL,1, MODEI. FOR 3/4" OD

.

CIRCUMFERENTIAL CRACK - NEUTRAL AXIS and SHAPE FACTOR FOR K = .8

ALPilA Fa0 F=.1 F=.2
degree H SF H SF H SF

175 -1.090 36.00 -1.t?0 30.19 -1.090 24.38
170 -1.090 18.00 -1.090 15.18 -1.090 12.36
165 -1.090 12.00 -1.090 10.17 -1.090 0.35
160 -1.090 9.00 -1.090 7.67 -1.090 6.34
155 -1.090 7.20 -1.090 6.17 -1.090- 5.14
150 -1.090 6.00 -1.090 5.17 -1.090 4.34
145 -1.090 5.14 -1.090 4.46 -1.090 3.77
140 -1.090 4.50 -1.090 3.92 -1.090 3.34

t' 135 -1.090 4.00 -1.090 3.50 -1.090 3.00
130 -1.090 3.60 -1.090 3.17 -1.090 2.74'

125 -0.989 3.34 -1.090 2.90- -1.090 2.52
120 -0.863- 3.20 -0.999 2.71 -1.090 2.34
115 -0.778 3.05 -0.896 2.59 -1.090 2.18
110 ' -0.714 2.89 -0.831 2.47 -1.090 2.05
105 -0.668 2.74 -0.787 2.34 -1.090 1.94
100 -0.636 2.58 -0.759 2.22 -0.986 1.86

95 -0.617 2.43 -0.747 2.10 -0.982 1.77
90 -0.611 2.28~ -0.748 1.98 -l'.090 1.67
85 -0.617 2.14 -0.764 1.87 AXIAL FAILURE
80 -0.636 2.01 -0.795 1.76 AXIAL FAILURE
75 -0.668 '1.88 AXIAL FAILURE
70 -0.714 1,76 AXIAL FAILURE
65 AXIAL FAILURE
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Tablo 4-1 (m)

;. NKT SECTION STREDU 'TilICK WALL MODBb FOR 3/4" OD

:

CIRCUMFERENTIAL CRACK - NEUTRAL AXIS and S!! APE FACTOR FOR K = .9

ALPHA F=0 F=.1 F=.2
degroo 11 SF H SF. 11 SF

-

175 -1.090 36.00 -1.090 30.19 -1.090 24.38
170 -1.090 18.00 -1.090 15.18 -1.090 12.36 <

165 -1.090 12.00 -1.090 10.17 -1.090 c.35,

160 -1.090 9.00 -1.090 7.67 -1.090 6.34
~ 155 -1.090 7.20 -1.090 6.17 -1.090 5.14

150 -1.090 6.00 -1.090 5.17 -1.090 4.34
145 -1.090 5.14 -1.090 4.46 -1.090 3.77
140 -1.090 4.50 -1.090 3.92 -1.090 3.34
135 -1.090 4.00 -1.090 3.50 -1.090 3.00
130 -1.090 3.60 -1.090 3.17 -1.090 2.74
125 -1.090 3.27 -1.090 2.90 -1.090 2.52
120 -1.090 3.00 -1.090 2.67 -1.090 2.34-

'115 -1.090 2.77 -1.090 2.48 -1.090 2.18
110 -0.927 9.66 -1.090 2.31 -1.090 .2.05
105 -0.863 2.52 -1.090 2.17 -1.090 '1.94
100 -0.821 2.39 -1.090 2.04 -1.090. -1.84
95 -0.798 2.26 -0.996 1.95- -1.090. 1.75
90 -0.790 2.13 -0.999 1.85 -1.090 1.67
85 -0.798 2.01- -1.090 1.75- AXIAL FAILURE
00 -0.821 1.89 ~1.090 1.67 AXIAL FAILURE

'

75 -0.863 1.78 AXIAL FAILURE
70 -0.927 1,67 AXIAL FAILURE
65 AXIAL ' FAILURE

i
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Tablo 4-1 (n)
;-:

NET SECTTON STRESS - T!!ICK WALL MODEL FOR 3/4" OD
..

( 11

CIRCUMFERENTIAL CRACK - NEUTRAL AXIS and SHAPE FACTOR FOR K = 1

ALPHA F=0 F=.1 F=.2
degree .H SF H SF H SF

~ 175- -1.090. 36.00 -1.090 30.19 -1.090 24.38-
170 -1.090 18.00 -1.090 15.18 -1.090 12.36

' 1.090 12.00 -1.090' 10.17 -1.090 8.35165 -

160 -1.090 9.00 -1.090 7.67 -1.090 6.34
155 -1.090 7.20 -1.090 6.17 -1.090 5.14

'150 -1.090 6.00 -1.090 5.17 -1.090 4.34
145 -1.090 5.14 -1.090 4.46 -1.090 3.77
140 --1.090 4.50 -1.090 3.92 -1.090 3.34
135 .-l.090 4.00' -1.090 -3.50 -1.090 3.00
130 -1.090 3.60 -1.090 3.17 -1.090 2.74

'125- -1.090- 3.27 1.090 2.90 -1.090 2.52
120 ' -1.090 3.00 -1.090 2.67 -1.090 2.34

,,

115 -1.090: 7.77- 1.090 2.40 -1.090 2.18
a 110 -1.090 2.57 1.090 2.31 -1.090 '2.05

.M ? 105 -1.090 2.40. -1.090 2.17 .-l.090 1.94
% 100 -1.090 2.25 -1.090' 2.04. -1.090 1.84

95- -1.090 2.12 -1.090 1.93 -1.090 1.75s

90 -1.090 2 . 0 t.' -1.090 1.83 -1.090 . 67
85 -1.090 1.03 -1.090 1.75 AXIAL FAILURE
80 -1.090- 1.30 -1.090 1.67 AXIAL FAILURE
75 -1.090 1.71 AXIAL FAILURE
70 AXIAL FAILURE

.,
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Table 4-2 (a) U

PROGRAM C1
TUBE DIAMETER : 3/4" (HEAT 9866) M3 -

UNSUPPORTED GEOMETRY

TEST CRACK LENGTH (2 a) pc COD n*
,

'PIECE FAILURE MODE
N . mm (OD) deg (AVG) .bar mm -

| 10a 31 186 > 385 1.0 < 4.27 crack initiation (= 0.5 mm)

10b 30 180 442 0.8 3.72 2.2 mm length extension

11a 21.5 128 565 0.8 2.91 7 mm length extension
.

11b 20 120 612 1.0, 2.69 1 mm length extension
i

> 12a 23 137 > 548 0.75 < 3.0 leakage
I

12b 23- 137 572 0.9 2.87 14 mm length extension,

!

'

* The " shape factor" is calculated by n = ot/o

p
with -o == (R/t - 1) 3.62 p=

2
- ce = 0.515 (YS - UTS) = 0.515 (425 + 730) =.595 MPa q

'
-

0
>

; t

t

a

"
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Table 4-2 (b)

-PROGRAM C1
KEASUREMENTS OF : C.O.D. (6); SLIT OPENING (b) J

AND BU14ING (pues) VEREUS INTERNAL PRESSURE
(circumferential through wall flava) |

l

jMaterial Test-piece Slit Sealing p 6 b e.ex
Index Number length System p/pmax

and type (mm) bar mm mm' am

M3 10 31 12 290 .05 .50 0.75
12 330 .10 .75 0.86
12 380 .30 1.2 0.99
12 385 1.0 3.2 19.3 1

_______________ ________.____________________________

30 12 290 .05 .45 0.65 1

12 330 .10 .50 0.75 I

12 380 .15 .80 0.86
12 385 .30 1.10 19.15 0.87
12 442 .8 2.10 1

11 21.5 7 373 .05 .50 19.1 0.66
7 425 .10 .65 19.2 0.75
7 465 .15 .70 19.2 0.82

11 475 .20 .75 19.2- 0.84
11 507 .25 .80 19.3 0.90
11 550 .75 1.8 19.9 0.97
11 565 .8 4.8 20.4 1

________________________________.___________________

20 7 .373 .05 .45 19.1 0.61
7 425 .05. .50 19.2 0.69
7 465 .10 .55 19.2 0.76

11 -475 .10 .55 19.2 0.78
11 507 .15 .55 19.2 0.83
11 550 .20 .75 19.5 0.90

-11 565 .45 1.3 19.7 0.92
11 612 1.0 2.5 20.6 1

'

28 23 12 427 .05 .60 0.75
12 500 .15 .80 0.87
12 548 .75 1.8 19.7. 0.96

._____________________________.__________. _______

23 12 427 .05 .45 0.75
12 500 .10 .55 0.87
12 548 .25 .90 0.96
12 572 .9 5.6 1

A-4-34
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Table 4-2 (c)
l

PROGRAM C2*

Tube diameter : .3/4" (*)

.

.

Test Crack length FDB- offset pc Failure mode
. # 2a (deg.) support

(mm) bar

'l - X 0 > 660 no failure (large
bulging)

'

2 180 - - 240 propagation (4 mm)

3 180 X 0 520' propagation (2 mm)
'

4 180 X 10 > 480 leakage (COD =
4- 1.6 --0.55 =

1.05 mm)

5 105 X. 10 620' axial ~ crack (17mm)

6 5 180 X 20 490 propagation (2 mm),,_

*

7 105 - - 555 axial crack (19mm)

I 8- 105 X 20 585 axial crack (18mm)

(*) undocumented origin ;

= I
'

i

9

N

1

..

1

A-4-35

.
= = - . - -.,v--. -- - . < , , - , - - - er



Table 4-2(d)
PROGRAM C3

TUBE DIAMETER 7/8"
(TEST PERFORMED WITH 1 SHIM OF 0.13 mm, EXCEPT AS NOTED)

TEST CRACK LENGTH (2a) SUPPORT pc COD 6 max n*' FAIIAJRE MODE COMENTS

deg am (ID) FDB TSP bar mm am

1 300 51 - X 350 - 9.6 3.79 full circumference
2 300 51 - X 372 - 6.0 3.56 full circumference
3 270 46 X X >410 - 4.6 (3.23 leakage failure at lower pressure when

repressurized with 2 shins
4 180 31 X X 545 1.1 11.1 2.57 crack initi. (1.5 mm) 2 shims
5 210 36 I X >462 1.0 12.0 (2.87 leakage small crack initiation (< 0.5 mm)

at one end only
6 210 36 X X 450- 1.0 20.8 2.95 propagation (6 mm) 2 shims (2 prior tests resulted

kinleakageat438and424_bar)
2 shims (prior test resulted in7 240 41 1 X 462 0.9 16.1 2.87 full circumference

kleakageat428bar)
8 210 36 - X 442 1.0 43.8 3.00 propagation (3 mm) 2 shims

T .9 240 41 I I 450 - 12 2.95 propagation id.
A 10 270 46 I X 415 1.1 10.1 3.20 crack initi. (1.5 mm) .

d 11 270 46 - X 388 - 33.8 3.42 propagation 2 shims
* 12 180 31 X X 543 - 13.8 2.44 propagation id.

13 300 51 X X >301 1.0 2.4 (4.40 leakage .Without shim (full cire, fail-
ure at 301 bar when repres-

isurized with 1 shim
14 300 $1 X X 352 - 2.2 3.77 full circumference

(15) 210 36 I X 478 1.0 2.1 2.77 crack initiation (Imm)
22 180 31 - - 323 0.9 - 4.10 propagation (18 mm)
23 240 41 - - 154 0.8 - 8.61 propagation ( 3 mm)
24 240 41 - - 146 0.8 - 9.08 propagation (10 mm)
25 180 31 - - 235 1.0 - 5.64 propagation ( 8 mm) without shim
26 150 26 - - 419 0.8 - 3.16 propagation (20 mm)
27 210 36 - - - 0.8 - - propagation (14 mm) lost pressure record
28 210 36 - - 245 1.0 - 5.41 pron ><tation (13 mm)
29 120 21 - - 519 1.0 - 2.3 a c uw M on ( 6 mm)r

31 150 26 - - 341 1.0 - 3.8i w vu . . tion (Imm) without shim
62 120 21 - - 581 0.9 - 2.28 g. w e ion (4mm)

* ?t; " shape factor" is calculated by n = or/o
with 0.515 (276+655) = 480 MPa for nr. I to 15 (heat 71383)

or =0.515 (Y's+UTS) E == 0.515 (292+701) = 510 MPa for nr. 22 to 32 -(heat 71692)
o = p/2 (9/t - 1) = 3.62 p

- _ _ _ _ _ _ _
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Table 4-2(e)

PROGRAM C3
TUBE DIAMETER 3/4" (HEAT 70699)

(TEST PERFORMED WITH 1 SHIM OF 0.13 mm, EXCEPT AS NOTED)

| TEST CRACK LENGTH (2a) SUPPORT pc COD F max M max n FAI1ERE MODE COMMENTS*
,

deg am (ID) FDB TSP bar mm N Na

1 300 44.2 I - 377 0.9 210 32 4.10 full circus.

2 300 44.2 X - 515 1.1 380 57 3.00 id.. FDB offset (20mm)/2 shims
| 3 300 44.2 X - > 320 0.9 375 56 < 4.83 id. FDB of fset (10mm)/ inter-

rupted test / failed at 308-
bar after repressurization :

4 165 24.3 - - 428 1.0 - - 3.61 propagation
(8 mm)

5 165 24.3 - - 398 0.9 - - 3.89 propagation
(9 mm)

6 270 39.7 X - > 622 1.1 430 65 < 2.49 full circum. FDB offset (20mm)/2 shims />
j, interrupted test / failed

at 498 bar after repressa-i

ti rization

7 270 39.7 I - 590 0.9 520 78 2.62 full circus. 2 shims
8 270 39.7 I - 590 1.1 460 69 2.62 propag.(3mm) 2 shims .;

9 270 39.7 X - > 605 1.0 505 75 ( 2.56 full circum. FDB offset (10mm)/2 shims /
interrupted test / failed
at 545 bar after repressu-
rization

|
' 10 300 44.2 X - 436 0.9 210 32 3.55 id.

11 165 24.3 - - 442 1.0 - - 3.50 crack ini-'

tiation .6mm
17 270 39.7 X X 610 1.1. 595 89 2.54- propagation

(1.5 mm)
18 270 39.7 - X 496 0.9 60 54 3.12 id. (3 mm)
19 300 44.2 - X 423 0.9 35 32 3.66 full circus.

20 270 39.7 - 1 492 0.9 60 54 3.14 id. 2 shims
21 300 44.2 I X 441 0.8 125 19 3.51- id.

22- '300 44.2 - X 447 1.0 -20' 18 .3.46 id.

* The " shape factor" is calculated by n = or/a with ,o = p/2 (R/t - 1) = 3.62 p
1 oe. = 0.515 (YS + UTS) = 0.515 (346 + 740) = 560 MPa

1

:- - - _ _ = _ _ - . _ - - - - =_ _ -. . - - , . . - - _ . _ _ _ _ . _ _ _ _ - - _ _ - -



,. .-- . . - - - , . . .

'

Y

Z - c________
y

D /I .

4 - E W
{ }) h

.vf, A [[

' NEUTRAL AXIS ~
e-,

' ~'

If

I
_ . _ _ _ _ . _ _ _ _ _ . _ _

FIG 4.1 ( a )

i
pY,

. ______ f t p/tk

*
* *,

O~t
,

a /
' *

.-. T .&'

b $ ,"
''

. e_
~

N EUTRAL A XIS
-

.

vi

(y
~

;

ll
4

~

.,

,,sW ' r-
5;

.
-

I

g

I
:i:t.::.

, ~

.

: MOME N E OtA GRAM'' Mb')_

Figure 4-1(b) Net section stress.- thin wall model-

A-4-38

. _ . _ _ . . _ _ . - .-



. . - . . - . . . . .. . ...

-|

f'A

-1

C ASE 1

,

R.1 H<0

///////z
'

NEUTRAL AXIS-
j ,

Q d ?-

.

/
CASE 2

H<0

f//
-. /#/ MP2W7 NEUTFAL AXISz

/www/My .

3 L

1

C A.SE 3

N NEERAL AXISo
,

H>0' o

FicJure 4-1(c) Net section stress - thick wall model

A-4-39

_ _ _ - . . . . . _ . , . _. . . ~ . -



m ,r

"

|

PROGRAM C .1.
!

Pc ( bar)

1000-

900'
.{

l
+ BURST !

800'
. STABLE CRACK GROWTH

- ANALYTICAL PRE 0lCTION (6 = 595 MPa ) {f
!

700- ;

i

)
;

600-
+

500-

+

400 ~ l+

j

300-

200- 1

100'
)

.:|

\.. .
.

0 25 50 75 10 0 125 150 . g

Figure 4-2(a) Circumferential through wall flaws

Inconel 3/4" OD 1

.A-4-40

. , -. . -_. -



d
4

i

I

,

; I

FLOW DISTRIBUTION |i
B AFFLE ( F 0 B-) i

.
- 0.75*

Mi / I //A
-1

|\
x '

i

*

1. 600 TUBES
G75* ODX 0,043'
NOMINAL WALL

? :)-

T! 1

,
~

ROLL TRANSITION REGION 1

BENDING TUBESHEET CREvlCE

''"'S/ / :

W// '// '

,

(// '

/

/ :.

/ /2
i

Figure 4-2(b) Bending stresses in tube roll transition
_

region due to tubesheet - FDB alignment

offset (6)

( NOTE & DIMENSIONS EX AGGERATED FOR CLARITY OF ILLUSTR ATION )

A-4-41 )
1

'

. __



_ . .. _ _ . _ . . . . . . . .-. .- - _ .~ . . . .

l.+

:' _

BURST PRESS URE
' KSi MPa

10--70 PROGRAM C. 2.

; U N FL AW E D TUGE
,,

9- ' ,+ SUPPORTED BY F O B,
'

- ~10 5 * CI RC, CRACK- 60 . ,

,_7~,

i

FREE
b TUDE

\ 7 ' ~ ~. , ' ' S U P P O R T E D BY FDB
\ '.%~ 180 * CI RC. CRAC K

- 50%*

7. N f
~.

w % %'~+\ + ~%
\ >

N.
N-

.N
N

6- N

: -40 N
\
\

.
\ '

t- g .

0~
| 105" \

CI R C. CRAC K g

V REPORT
- 30 \ |

3 (FIG 2.6 ) \
4- N

-N
\ 180* CIRC CRACK
\
\ @

\ FREE tut 3E'
g

3-
- 20 .25" \

\:

4"
_

7. 7 5 '' .,

b
,

2- I
_____

I

! _ :o
5 10 '15 20 2 ] rnrnf i i f
I | | | |

in0 ,2 .4 .6 .8 1

DEFLECTION AT DURST db - !

'

| ._- Figure 4-2(c) Circumferential'through wall flaws

Inconel 3/4" OD

4

' A-4-42

'ew- - ' _ _ , .e- v-t--'e" 9 1'ur e -L ur- 7 9 % 't 'T-e WM'= "- $ --r*+- M y



. . _ _ _ . _ , . , , . - . . . . . . ._ , . = . . _ . . . . - . _ _ _ _ . _

.
+

;

!
i

h

..

.

PROGRAM: C.2.'

|.
b /

' "
,

i i
.

| '

TEST //1

| DE FOR MED SHAPE

AT 660 bar'

!
O max. 73.9

'

| SCALE

.20- mm,

10 -

"
i 0
| 1 2 mm

'

I
e

i

e

l
i ,

,

j
,

1.

,
1

TUBE SHEET

V/'-e
1: . / /

!

Figure 4-2(d) Unflawed test specimen Inconel 3/4" OD

~|

1,

A-4-43 -

,

'

_ . ._ __ . _ - - . . , _ . . , . _ _



.. - _.~ .... _ __.-. _.-.- ~. ..~.-...... -.---- . -.-~._. ..,-. -.- .:--....~ .. .._... _.m. m....~s. .-

INCONEL 3/4" O D - PROGRAM C. 2.
.

_ TUBE g

' DEFLECTS \

k

$< 4$4 5 $L is \\ Taa? ;
\.w 1

s 1

k\ \ ;: -

g
' \

\ \
\

,' Note angfes c4 ct j*
> g criticot pressure

\ cre about the some \1
f ( of time of rupture. \ f

b i s ,

\ i s I

\ \ >

'
- \
\ \l

\l T. j
\

9 1 i , i i , i
'

:' ,

/u/y// | y//////// r//////// v///4/m/l w//f M /l
p=0 p>0 p >> P=p > Pc free tube.

1.) Assumed inibcl 2.) Ef f ect . cf increased . 3.) Effect of further I. . ) Pressure recches 5.1 Criticot pressure for
of' set cond; tion pressure , pressure increase, criticot votue. tube with no F O 8
of FD B. is much tower.

Figure 4-2(e) Schematic illustration of influence of a FDB

offset on the burst of a tube with 180* cire. crack
-



. . -

INCONEL 3/4 " O D - PROGRAM C. 2.

__ TUGE
' D EFLECTS

t .
.

i r ) {

| ) ( '\ \

i-

\
T
i
.
U1

i

9 9 9 /

////////HH /U////#/M/ /HMH//M //HU/HOW
p=0 p>0 pw p: p

1.1 Assumed initiot 2.) Ef fect of increased 3.) Effect of further 4.) Pressure reaches
of fset condition pre ssure . pre ssur e inc rea se . criticc! value .
of FD8

Figure 4-2(f) Schematic illustration of influence of a FDB ,

offset on the burst of a tube with 105 cire. crack

..



- . _ . . _ _ . . . _ .. _ . . _ . _ _ _ _ ~ . _ .. .-

*- e

_;,.

-1

_

,

4

0

60} PRESSURE
(MPa)

. #(RUPTURE) *
, , n

'

i 105* CIRC. CRACK
50- I

6Ni'

m

i

40~

200 nm i >

I
.

L

f ( -30~
p

> 180 * CIRC. CR AC K

d? >
,
'

$ 20 - '
,

10-
!

d: D EFLECIlO N ( mm )
'

O $ t'0 15 2'O 2'S

CIRCUMFERENTI AL' -TH ROUGH -WALL - FLAWS. INCONEL 3/4'#OD- PROGRAM C.2.
~ ~

Figure 4-2(g) . Burst testing without FDB

.

|
;

- -

-

- - _ _ _ . _ _ _ _ - _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ PV W r * % "d'--- "''__.___________.__._____________-____z_
-



- . . ._ - . . - . .-

PRESSURE

- 60--MPa

18 0 CIRC. CRAC K
NO OFFSETo

50--

Uo o vv

cp 10 mm 0FFSET

o
40-- o

#46*w

> 30-- L
OB

o

C

20--

10- //wguaww/w

CIRCUMFE RENTI AL THROUGH WALL FL AWS . '

| INCONEL 3/4" O D - PROGRAM C. 2.
! ELONGAT IO N

'

I I i ! | ! ;'
.

i .

0
|-r .1 .2 .3 .4 .5 .6 .7 8 .9 1.mm

i

|
| Figure 4-2(h) Burst testing with FDB

!

I

' _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ . _ _ _ _ _ _ .
- - - . _ - . .- .-



. . . . ._ . . ..

|1-

PROGRAM C. 3 -( Subset 1.)
*

TUBE N' 71383. B

210'
PR ESSUR E max. 442 bars

50--
E
E

c

C 45-
z
9
44

I
a 40-
e
u
O

E| 35 '

o
-

30 -

..

25 -

|

|

|
20

15 -

,

10 g

w
a
a

5 - m
4 1w '

I '

.1
0 : ! : | | | | | | | | |

' ' '' ' '
.

5 0 15 20 25 30 35 40 45 50 55 60 ~ 65 70 75 80 85 90 95 100 105 l

TUBE LE NGT H (irt m m )'
i

Figure 4-2(i) Circumferential through wall flawa

A-4-48,

. - - - , _ _ . _ _ - . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ - _



. . . . . . _ _ . . _ . . ~ . ~ _ . _ _ _ _ _ _ _____._ _ _ . _ _ __ _ . _ _ _ . _ _ _ _ _ . _ _ _ _ __
_

| |

.

d

;

i

4

. .me ~
., :; . , . p .y ,

;#!-&,: } w +}*

";f wy'

4, .#:o , . . ,
7

f|' , -[ ['{
' *

,

! w;y
.

,

{) ' y , /
4 v. ~ . ,

ML &J'

- c . . .. ,
,

J "
g e s, :z .m_.

2

!?
:47

,

;

' ,<{ 3 '*h k h;
'

i
1 JUST BEFORE 8URST i
i i

i

!

Ia. : # ? .

.,

i, *

W '

pup: ;4 so
| s -2

't Y ,;Q:

| i.ys ,

M,. ,

I hi:d 'd
c..

. .\ .

|?
*

| 4

i

*

1

l

i A ^) |b- {_

JUST AFTER BURST I

,

Figure 4-2 (j) Program C3 (subset 1) - Pictures from video I
'

recording

,

4

A-4-49

, - - . _ . -. - - . . , . . . . _ . _.

. ____.__________________-_:



i,

i

:

|

,

PROGRAM C3.( Subset 2.).

TEST SPECIMEN No..20

I

100- ( N ) 500 - bo r

90-

80- 400--
PRESSURE

i
170-

60"- 300--

\ ;.i

i

50--

1

LOAD,
3

40 - 207- i
.

100

10 --'

O t

!

Figure 4-2(k) Circumforential through wall flaws. Typical

record of pressure and load - Time history

,

iA-4-50
1

)



. . . .. - . . . . . _._ .

3

. .

.

PROGRAM C3.(Subset 2.)
TEST SPECIMEN No.20. -

60 - F IN)
I4

1

50 -

40-
,

30-

'

20- -

,

!

!

|
*

10 -

i

p ( bar)
O. , , , , , ,

0 100 200 300 400 500 600
|

Figure 4-3(i) Circumferential through wall flaws. Lateral

restraint load as a function of pronoure

A-4-51-

]



,

1

|

r
|

SHAPE FACTOR "n"12- n

11--

MODEL (WITHOUT RESTRAINT )g.
< ^m

-! li0 a
9~ '

f. = 0.1 j
= 0.2 . /

8-- I
|
|

#

7-
/ EXPERIMENTAL TREND

/
6- /

A /
,6 g,

,/ 99 .C' XDS-

Ng oOW| 4\ i n

a.. p-( ,o , .. I ,AoO

%"f-g #

"

7/S* f : 0,

* - 2 d( d eg. ) of orc .
, ,

; 120 140 160 18 0 20 0 220 240 260 28 0 300

+ FROM TABLE 4. 2 ( a ) 3/4" FREE
' O FROM TABL E 4.2(c) 7/8' TSP

o FR O M 1 ABLE 4. 2 ( c ) 7/8" FDB TS P
o FROM TABLE 4.2 (c ) 7/ 8'' F R E E

x FRO M TABLE 4.2 (d ) 3 /4' FOBi

$ FROM TABLE 4.2(d) 3/4* FREE
FRO M TABL E 4.2(d) 3/4' FDB , T S P.

e FROM TA B L E 4. 2 (d ) 3 / 4 '' TSP

Figure 4-3(b) Circumferential through wall cracks with

. and without lateral rentraint. Shape factor n
l

|

A-4-52
|

_ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ . . _ _ _ _ _ _ _ _ . _ _ _ _ . _ . _ _ _ _ _ _ . _ . _ . _ _



, , , ,, . - - . . _ . . . - . - . - - - . .. . . ~ . . . - -. _. .. .-. . .

~

'

' I

.t

'l

|

u

!

!

Section 5

REFERENCES

1

1. Goodier J.N. and Field, F.A.
American Inst. Mining Met. and Petrol Eng. " Fracture of Solids"
1963 Wiley, New York

2. Burdekin F.M. and Stone, D.E.W.
J. Strain Anal. 1,145 (1966)"

3. Folias E.S. s

F"The Stresses in a Cylindrical Shell Containing an Axial Crack"
ARL 64-174, Aerospace Research Laboratories (Oct 1964) ,

4. Krenk S.
" Influence of Transverse Shear on an Axial Crack in a
Cylindrical Shell"
Int. J. of fracture 14, No 2 (1978)

;

'5. Kiefner J.F., Maxey W.A., Eiber R.J. and Duffy A.R'.

" Failure. Stress Levels of Flaws in Pressurized Cylinders"
ASTM STP 536

6. Schulze H.D., Togler G. and Bodmann E.
" Fracture Mechanics Analysis on-the Initiation and Propagation
of Circumferential and Longitudinal' Cracks in Straight Pipes and <. |

-

Pipe Bends" ^!

,i Nucl. Eng, and Design 58 (1980) I

7 .. Erdogan F.
" Ductile Fracture Theories for Pressurized Pipes and Containers" [
Int. J. Pres. Ves. & Piping 4 (1976)

' '

8. Eiber R.J., Maxey W.A., Duffy A.R. and Atterbury T.J.
" Investigation of the Initiation and Extent of Ductile Pipe
Rupture" ,

Battelle Memorial Institute Report BMI ~ 1866 (1969) l
|

|

9. Larsson H. and Bernard J.
" Fracture of Longitudinally Cracked Ductile Tubes''
Int. J. Pres. Ves, & Piping, 6 (1978)

,

:) ||
10. Ziebig H. and Fortmann F. >|

|" Fracture Behaviour of Ferritic and Austenitic Steel Pipes"
2nd Int. Conf. SMIRT, Berlin, 1973(paper F 4/8)

|

f p .,

'

A-5-1

Q.
-

. 1_. __._ __ _ __ .

J-



.,__j..

., _ _ - - - - _ - . - _ .m .- . . . - _ , - , = . . _ . - . _ . -. - _,.

se .

'

,

i

1:

fil. Connors D.C. and Darlaston B.J.L."

" Factors of the Fail Safe Approach'to. Pressure ~ Vessel 1
Assessment" in I. Mech. E. Conference Publications 1978-10
" Tolerance of Flaws in Pressurized Components" (paper C 101)

,

12. Roark R.J. and Young W.
" Formulas for Stress and. Strain" (fifth ed.)

13. P. Hernalsteen..

" Evaluation of Critical Lengths for Through Thickness Axial

|
Cracks in Steam Generator Tubing" j
6th Int. Conf. SMIRT, Paris, 1981 (paper F 7/6)

14. P. liernalsteen
" Evaluation of Critical Sizes for Defects in Small Diameter
Tubing"
7th Int. Conf. SMIRT, Chicago, 1983 (paper G/F 4/3)4

<

15. J.P. liutin
"EDF Steam Generator Surveillance and Maintenance"
EPRI Workshop'on PWSCC remedial measures, Clearwater (February
1989)

16. Henry B., Bernard J. and Gieb Ph.
,

" Fatigue Crack Growth in Austenitic Stainless Steel Structures"
! 2nd Int. Conf. SMIRT, Berlin, 1973 (paper F 4/7)

,

1
'

17. Cochet
" Application of the Leak before Break concept to Steam Generator

"

Tubes"
NUCSAFE 88, Avignon (October 1988) <

- 18 . C. Ruiz and R.J.S. Corian
" Practical Application of Extremal Elastic. Ideally Plastic-
Solutions for the Assessment of the Severity of Cracks"
Int. J. Pres. Ves. & Piping 10 (1982)

,

|

4

i

1

1

,.1\>
- l

!.

'l

.q
,

3 )

k.
7

A-5-2

e -J

-- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . . . - . . . . . _ - _ _ . . _ _ _ , _ , . . . , , . , _ , , ,, , . , .- . , _ . . ,,


