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EXECUTIVE SUMMARY

An analysis of postnlited "crack-like"” defects that might remain in the
Indian Point 3 steam generators after completion of the girth weld iepair program
was undertaken. The specific objective was to satisfy safety and economic

considerations underlying the existence of such crack—like defects.

Part-through surface cracks were postulated to exist in the worst location of
the girth weld and fatiguwe crack growth computations were performed. It was

determined that cracks having a surface length of six times the depth and a depth

of .25 inches would take more than six times the remaining operating life to
propagate through—the-wall of the vessel. In a similar analysis.' with ctacks.

having & depth of one—quarter of the wall thicknmess, it required over three times

the remaining operating life to propagate through .the vessel wall. This task also
involved petforming- a detailed stress analysis of the girth weld region under
various thermal and pressure transients. The results of the stress analysis were
found to differ from the original Wégtinghouée stress analysis report.
Consideration was also given to gemeralized leak-before—ﬁreak ctitéria. This
involved determining the 1longitudinal and circumferential c¢rack lengths that
result in readily detectable leak rates of nominally ten gallons per minaute.
Then, demonstrating that both longitudinal and circumferential cracks, that cause
such leak rates, have excellent margins of stability. This was achieved. It was
demonstrated that cracks having lengths in excess of 20 inches were stable and

exhibited considerable margins of safety.

A postulated accident condition of pressurized thermal shock involving
introduction of 70F feedwater into a "hot” steam generator under design pressure
was also evaluated. It was shown that, even if large cracks are present, the

cracks behave in a stable manner and the generator does not rupture.

2
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Section 1 °
i INTRODUCTION

1-1 BACEGROUND

The Power Authority of the State of New York (Authority) is curreatly in the

- prdcess of repairing extensive cracking in girth welds in the Indian Point 3 steam
iﬁ generators. The cracks are located in the upper shell to lower shell tramsition
& cone girth weld. The repair procedure consists of grinding out cracks detected by 2
liquid penetrant and other NDE techniques, and..if required, replacing thé‘ metal
A so removed with weld filler metal. Affer_completion of the weld refair procedure,

the regions subjected to weld repair are stress-relieved at a tempetafure of 1150F

" for 4 hours.

Based on the known extensive cracking im the original weld, it is both

prudent and conservative to postulate, for safety analysis purposes as well as

economic factors, that cracks may still be present in the region after completion

i; of the repair., If sucﬁ cracks are postulated to be present, then several factors L
. must be considered. These include: the stability of -the largest crack in the

1? worst location under the most severe stresses that can be.expected to occur in the

}{ steam generator vessel; the growth of c¢racks due to repeated fatigue loads or by
’ some envitonmentallj enhanced stress—corrosion cracking mechanism; the

o leak-before—break condition that resulted in the leaking of the steam generator
during operation must be géneralized to show that a general leak-before-break
premise is valid for all postulated defect 1locations; and, lastly, Section XI
e ‘criteria must be considefed regarding permissible defect sizes and inspection

limits.

e vt b e e s Srm L e et e e Gym 7 4 e e ety om g e < = © e e e - e [
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In addition to the foregoing questions, it is also relevant to consider the
lf effect of the localized thinning associated with the repair procedure.
Specifically, it is necessary to define any effect that would result from the wall

not having its original full thickness due to'the_weld repair procedure.

e

1-2 STATEMENT OF THE PROBLEM

[
. w;

Before placing the steam genmerator back into service, it is ﬁecessary to

2
; resolve the questions bosed in Section 1-1. These questions hdve both operatiomal
.}f safety and economic impact. The ggfety_aspects must be addressed in order ‘to
demonstrate ‘to the USNRC and the Authorized Inspector (AI) that placing the Unit
I back into operation is justified b;sed on conservative assumptions as fo the
repair and the presence of any detected or undet;cted crack-like defect(s). The
6 economic considerations arise because of the need to be assured that any such |2
1 crack-like defect(s) will not result in a near term unscheduled outage.
i
.
i ‘
T 1-3 OBJECTIVE
1ﬁ The objective of the study will be to quantify the behavior of crack—ljke 2
defects such as those shown in Figure 1-1, This requires determination of
2~ stresses, crack growth rates, c¢rack stability and fatigme loads. .
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Figure -1 Postulated Initial Crack Size
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Section 2

CRACK STABILITY CRITERIA

In order to analyze the stability of cracks in nuclear vessels using fracture
mechanics methodology, it is necessary that the m;terial properties, distribution
of crack sizes and shapes, applied loads (or stressés} and the crack stability
criteria be specified. As all but the crack stability criteria are readily

quantifiable, only this aspect will be discussed.

2-1 CRACK DRIVING FORCE

Crack stability is usuaily evaluated by co;pating the yalue of a crack
driving force farameter with thé resistance of the material to crack extemsion.
The crack driving fofce parameters can be grouped into those applicable to <cases
involving 1limited (small) amounts of crack-tip plasticity and those with large
amounts of crack-tip plasticity, including net-section yielding. The former is

often referred to as small-scale yielding (ssy) and the latter as large-scale

‘yielding (1sy). For ssy cases, the crack driving force is usually described in

terms of the associated values of the crack-tip stress—intemsity factor, K. For
l1sy cases, K is not applicable and the parameter is described in terms of the

value of the J-integral, Iapp'. Iapp is-also valid for the ssy regime.

The analysis of ctack’problems is the ssy regime involves the use of the
methods "~of linear—elastic fractiure mechanics (LEFM). For the analysis of lsy

problems, elastic-plastic fracture hechanics will be relied uponm.

2 .
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2-2 FRACTURE TOUGHNESS CONSIDERATIONS

[LRENAY
h

For ssy problems, the crack driving force based on LEFM is defined in termsi 2
of the stress—intensity factor,’ K. And, for stability, the K computed for the

-applied stress and crack size of interest must be less than the fracture

toughness, xIc! of the vesse; material. Stability canralso be defined in terms of | 2

N . 2
the J-integral, which, for LEFM, can be computed from J=(K /E’') as further

-~
%, discussed in Sectiom 3-1. The parameter Jy, can be comsidered a toughngss that is
L .equivaleqt to the KIc fracture toughness or crack growth initiation tqughness. and
thus for Iapp<JIc' stability ié insured. Because T is used throughout this| 2
5? report, consideration of LEFM methods is presented in terms of J. A IIc appfdach
‘; to stab?lity (i.e., not including stable growth above JIc) is not acceptable for
1‘ 1sy problems because it is far too conservative.
6 Exact J solutions are typically not available for 1sy for the postulated.
i? .crack geometries and 1loading. Thus, ssy estimates of J are developed for the
crack geometries of’interest using the accepted practice of basing J estimates on
1: plastic zone corrected stress—intensity factor solutions (i.e., K(a¥ty)). (Note
that estimates of J based npon‘ K solutions, that is, LEFM, result in
}é unconservative estimates of J as the plastic limit conditions of the cracked| 2

section are approached.)

2-3 TEARING STABILITY CONSIDERATIONS

&..
2-3.1 Theory

37

.

. Before utilizing tearing stability methods for typical problems. it. isj 2

g0 . . ) X

. worthwhile to review a bit of theory. In the application of LEFM to brittle
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Page 2-3 .

materials, crack instability is assumed to be incipient when K>xIc‘ Physically,
this is interpreted as an instability that accompanies the omset of crack
extension. But, for tough materials, it is known that crack instﬁbility does not
generally accompany the onset of crack extension. Rather, tﬁe K (or J) at
instability can be well above the Ky, (or J1c) point. It is important, -from
design  and safety considetations. to be gble to take advantage of the higher J
values (or loads) that co—exist with the stable crack exteamsion but, wuntil fhe
tecént development of the tearing modulus ?oncept. it was not possible. Anaiysts
had been.facéd with the pfoblem of using a JIc value for instability opredictions
unless represehtative R-curves could be developed which were typical of the

signifiéant material dimensions actually used in the structures of interest.

Solutions toxproblems that rely on the tearing stability approach involve

expressing the intensity of the crack-tip deformation field by an appropriate

elastic-plastic crack driving force parameter. Based on the fracture parameter,
the behavior or growth of cracks can be expreésed functionally. It follows that

the use of a parameter like J infers that crack growth is comtrolled or determined

‘by the value of the parameter. This 1logic leads to the term "J-controlled

growth.” Typically, the quantifying of the fracture parameter is accomplished by
computing the value of the path independent J-integral, developed by Rice[8]1,
either by u#e of direct integration around the crack—tip or by use of any one of a
number of acceptable estimation schemes. Relative to any J computation, it is
interesting to note that the phrase elastic-plagtic fracture mechanics infers that
problems involving plasticity can be analyzed for any typevof loading. But:
Rice[8] proved the path independence of J only for‘the idealized case of no crgck
growth and a ﬁnterial which exhibits "non-linear elastic” ©behavior.

Unfortunately, real materials do not. behave exactly as non-linear elastic

:
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materials and the problems of interest involve crack growth. However, the
violation of this idealized behavior is not sufficient to invalidate the path
independence . of the J-integral if certain restrictions are met. Based on a need
for these restictions, Hutchinson and Paris[9] set-forth strict theoretically
based guidelines for J-controlled crapk growth. Extensions beyond those limits

are possible under the conditions discussed in Reference [4].

Although the value of J is indicative of the intensity of the crack-tip
deformation field, it is not alone sufficient for resolation of the question of
stability. To resolve this, Paris, et al.[l] defined a2 non-dimensional parameter,
called the fearing modulus, which assuﬁed the validity of J-controlled growth. It
is applicable to material property data and applied loads alike, and is expressed

as

(2-1)

-
1]
a | ]

o w

A )
da

where E is the elastic modulus, a is the crack lemgth, o, is a flow stress, and J
is the J-integral. J controlled growth requires that the crack extemsiom, da,

occurs under the eqniiibrinm condition

J =17 (2-2)

app mat’

which applies whether or not-stability of the crack extemsion is present. In this

expreésion. J is the value of J on the material J—resistance curve, and the

mat

Japp is the computed value of the J-intégral for a given load and crack length.

For a crack under the preceeding equilibrium conditions stability is determined .
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from

Tapp < Tpat (stable) . (2-3)
Tapp > Tpat (unstable) : ' (2-4)

!

where Tﬁat is determined from the material J-R curve and Tapp is dependent upon

the crack geometry and loading existing im the actual structure.

The very powei of this approach stems, in part, from the fact that the use of

tearing stability methods is applicable to both the ssy and lsy regiﬁe.

This stability criteria has been experimentally verified for several specimen
types. Paris, et al.[1], were the first to dﬁmonstrate applicability through
experiments using_A471 steel 3—point bend bars in a test system of vatiable
compliance. The variable compliance fe;tqre was used as a means of controlling
the Tapp‘ Similarly, Zahoor and Kann?nen[lgl tested ocircumferentially cracked
4-inch diameter TP304 stainless steel pipes in 4-point bending, and Gudas and

Joyce[1l] evaluated several materials of varying degrees of toughness in 4-point

bénding.

2-3.2 The J-T Diagram.

For safety assessments of nuclear piping systems that are based on the
tearing modulus stability concept, it is convenient to present the results using a
J-T diagram. The J-T diagram compares the applied (or calculated) values of J and
T with the materialv(invariant characteristic of a material) values. That is, the

J

T response is compared with the J; .. vs. Tpat curve to determine

app Y3* ‘app

1

e T e e e LI D NN E SN PP, S L
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whether the Tap value is less (or greater) than the T, , value for the Iapp value

P

specified., If the T T

app$Tmat’ then stability is assured; and, conversely for

instability. A sample J-T diagram is shown in Figure 2.1.

The material curve shown on Figure 2.1, was derived from a J-resistance curve
for the material of interest. The details of this can be found in Appendix A.

Note in Figure 2.1, that the Tapp values are dependent upon the Jap For «cases

p
where the Tapp is less than the Tmat values, stable craci behavior is assured. On
the other hand, a lower T .. value corresppnding to higher Iapp values can. cause

unstabie behavior.

2-3.3 Extrapolation of the J _.-T .. Curve

For applications that require Imat values greafet‘Than those available from
the J-resistance curve, the assessment of whether a system is stable or unstable

based on a J-T diagram may require extrapolation of the material curve. One way

of extrapolating the resistance curve is to assume that the material comtinues to

tear with the same slépe. Recent experiments on stainless steel plate [22]
indicate that this assumption may be valid. This would mean that, in the
extrapolated regime, the That remains constant. The extrapolation of the material
cuorve on the J-T diagram would then be the vertical line extending from the
maximum.Jmat value point on the material curve. This is showﬁ as 1-C in Figure

2.1.

An alternative to this extrapolatiom is to assume that there is no further
increase in the J-resistance with crack growth. Such a behavior would imply that
the Tﬁat reduces to zero in the extrapolated regime. That is, on a J-T diagram,

the extrapolated material curve would take the form of the horizontal line noted
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as 1-0 in Figuré>2.1.

These two extrapolations represent the upper and lower bounds of resistance
curve behavior for continned growth. In reality, the Tﬁat value is expected to

decrease gradually with increase in the Jmat_valuglzil._and experiments indicate

‘that it does, leading to the possibility of a zero value of the Tmat at some

higher Jmat value. One accepted approach is to follow Paris[4] and coastruct a
tangent to the material curve. This approach is noted as line 1-T in Figure 2.1

and is accepted as valid throughout this report.

. The validity of J-controlled growth is dependent upon the satisfaction of

several requirements. One of these is that w be “large”. For typical A302B

ferritic steel, valid J-resistance curves may have over 1 inéh of crack growth and

o values that range from 5 to 10. Considering T,  , to decrease abruptly to zero,

simply implies that the w value, which is proportional to T, also decreases to
zZero. Note, that for ‘small size specimens, the limit of Aa is on the order of
0.05 inches at w=3 ﬁnd‘haVing a method of extrapolation. is necessary to avoid
unreasonable conservatism. This would invalidate the assumptions of J-controlled
growth, and any-asseséﬁent of the stability of the vessei would fe subject to
serious error. J-resistance curves need to  be developed to include extended
amounts of crack growth while éatisfying the J-controlled growth requirement.
ﬁecause of these limitatioms, the assuﬁption of the tangent extrapolation of the

T

mat Surve is felt to be the most acceptable method.

1,2

1,2
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Section 3
SSY BASED ANALYSIS

3-1 J-INTEGRAL ESTIMATION

For the ssy regime, the J-integral, Japp' can be estimated using the relation

= 3 ’ -
Iapp = K /E (3-1)

where E’=E for plane stress, E'=E/(1-v®) for plane strain, Ky is the opening mode
plastic zone corrected stress—intensity factor, E is the elastic modulus and v is

Poisson'’s ratio.

3-1.1 Circumferential Cracks

For circumferential cracks, the Ky consists of contributions from three tyﬁes
of loads: axial load, bending moment and membrane stress due to pressure. The KI
due to pressure loading, Kp, ‘was obtained by utilizing the solutions from

Reference [15], giving

xﬂl = o'm/ﬂke Fm ) (3"2)
where o, is the membrane stress (axial) and Fm is a shell correction factor> that

\

depends upon.the length of the crack and the geometrical dimensions of the shell,

The Ki due to the applied axial temsion load is
K, = ct/§§5 F, ' (3-3)

vhere F. depends upon the same parameters as F,. The function Fy can be derived
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from the recent work of Erdogan and Delale[16]. FPDC has developed its own
approximate, but conservative, expression for F, which was used in this study. oy

is thé stress (tension) dume to the axial load F
o, = F/(2aRt) ' . (3-4)

Similar to the tension loading case, FPDC had previously developed an estimate of

K for the externally applied bending load; and the K due to this loading is
K, = op/nEt Fy ' (3-5)

where Fb is a correction factor for a circumferential crack im a shell .subjected
to a bending load. % is the maximum bending stress due to the external moment,

M,
op = WZ | E (3-6)

where Z is the elastic section modulus. The total Ky dne-to these three types of
loading is

K; =K, + K, + Ky (3-7)
Equations (3-7) and (3-1), when combined togefher. give the functional form for

Japp.

3-1.2 Longitudinal Cracks

The computation of crack stability for longitudinal flaws is based om plastic
zone corrected stress—intensity factor solutioms. For a longitudinal through

crack in a pipe or vessel
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K = 8,/nc F(}) | (3-8)

where Sy is the hoop stress, ¢ is half the crack length, A=c//Rt and the shell

correction term F(A)=(1.+ 1.252%)-%, Iapp can be found as before from Equation

(3-1). -

 3-1.3 Tearing Stability for SSY Conditioms

The form for Tapp can be found by diffgtentiating the eqnafion _for Iapp'
following Equation (3-1) and (3-7) or (3-8), with respect to crack length, giving

¢

_dr, _E : | (3-9)
Tapp = —2PP . :
da S, '

Then, using Equations (2-2) through (2-4), the stability of the c¢rack can be

determined.

3-1.4 Plastic Zone Instability Failure

Vasquez and Paris [20] have shown that situations exist in which the gradient |2

‘with réspect to the crack size of the elastic stress field at the tip of the crack

beﬁbmes sufficiently large that the plastic zone cannot maintain stable static
equilibrium and plastic zone insfability occurs, followed.by the propagation (or
nnstableAextension) of the crack. This mode of unstable extension is called a
"plastic zone 'instability failure” (or PZiF). The functional form of the PZIF

criterion is givea by
2 2 '
KpZif = 2na, °eff/Pz (3-10)

vhere Pz=1+2kF'/F. and c.ep, A and F(A) are the .plastic zone correctéd terms.

described in Equation (3-8).
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Section 4

STRESS ANALYSIS N

Performance of fatigue crack growth analysis requires the determination of
the stresses associated with the various transients shown in Table 4-1. As these
transients have both thermal and pressure components, both thermal stress analyses

and detailed pressure stresses must be determined.

4-1 PRESSURE STRESS ANALYSIS

In order to develop detailed stresses-thtough4the—wa11'of the steam generator
at the girth weld, it wﬁs necessary to perform a finite element stress analysis.

The PAFEC 75 computer program was used for these purposes.

4-1.1 Axisymmetric Idealization

‘The mesh used for the analysis is shown in Figure 4-1. Appropriate _boundaty

_ conditions were used to accomodate the axisymmetric idealization using 8 noded

isoparametric quadfilateral elements and the h—-convergent [2&] formulation.
Details of the girth weld region are shown in Figure 4-2, and the results for a
. .

unit pressure load of 1000 psi are shown in Figure 4-3. It is interesting to note

that the axial stresses, o are larger than the hoop compoments, ogg. To

zz’
determiné the increase in stress that would result from localized thinning due to
grinding out cirénmferentially oriented cracks and not replacing the metal with

weld filler metal, as shown schematically in Figure 4-4, the idealization shown in

Figure 4-5 was utilized. The details of the thinned girth weld region is shown in

Figure 4-6. The thinning takes the form of a 4:1 blend ratio and with a minimum
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through-wall thickness of 3 iinches. This is contrasted with the thickness in
Figure 4-2 which ig 3.5 inches at the girth weld. The results for the stress
analysis, with a unit pressure load of 1000 psi and local thinning, are shown in
Figure 4-7. 'Again. the axial component is noted to be larger than_ the hoop.

component.

4-1.2 P-Convergent 3-d Idealizatiom

For the case of local longitudinal thinning, as shown schematicaly in Figure

4-8, .a 3-d analytical approach is required.

The figite element model shown in Figure 4-9 consisted of 200 p-convergent
type elgments. using 3 elements through the thickmess. In the area of .interest,
that is, the notch due to local thigﬁing. p=3 a#d p=2" elsewhere. The portion
modelled comsisted of an 8 degrée'séctor. extending 15 inches above the girth weld’
to 14 inches below. The boundary conditipns along the edges assumed radial
symmetry. The notch was conservatively modelledlas 8 x 1 inches witi a taper
along long edges only. A single cubic (p=3) wedge was used for the taper. A
prior analysis of vessel had been performed using axisymmetric shell elements.
The stresses from this shell analysis were used to give surface traction_ loading
at top and bottom of 3-d model. A single restrainf was applied in axial
direction. The applied 1load and the infetnal pressure of 1000 psi were
self-equilibrating. The results of the 3-d stress analysis, for cases with and
without local longitudinal thinning under unit pressure loading of 1000  psi, are

shown in Figure 4-10,
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4-2 THERMAL STRESS ANALYSIS

Table 4-1 is taken from the original Westinghouse design stress analysis

[14]. It is noted in Table 4-1 that the hot-standby transient (HSB) has initial

VIand final temperatures Bf 547 and 70F. This represents the temperature range at

the thermal sleeve in the feedwater nozzle. Because of the large thermal stresses
that would result from this iarge temperature variatiom if it were applicable to
the girth weld. it was necessary to examine the thermal response in more detail.
A heat transfer analysis was performed assuming that 7QF feedwater was introduced
into saturated steam—water at 547F. A plan view of the feedwater ring is shown in

Figure 4-11. The small circles around the feedwater ring indicate J-tubes from

‘which the feedwater enters the genefator. It is the flow of this 70F water

through the J-tubes into the generatof and-subseqnent mixing with the 547F water
(or steam) that will determine the magnitude of the thermal stresses. Details of
thi; analysis are included in Appendix C. It was determined that the actual
thegmal_résponse within the generator causes a temperature change from 547F at the
beginning of feedwatervflow to a minimum temperature of 517F prior to reaching
equilibriuom. Thus, the thermai response shown in Table 4-1 is correct for the

feedwater nozzle but is unduly conservative for the girth weld.  Accordingly, it

was modified to reflect the ﬁctual response developed in Appendix C.

There are many load cases shown in Table 4-1. Rather than perform heat
transfer calculations and associated thermal stress analysis for all conditioms,
it was determined that it would be simpler to comservatively bound the thermal
responses. Accordingly, bounding is accomplished by selecting three cases. The
cases selected were the heat-up cool-down transient (HU/CD), the loss of secondary

pressure with return to power (LSPr), and the hot-standby (HSB). The idealization
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of these transients that was used for computational purposes is listed in Table

4-3. This methodology is comsidered comservative in all cases.

The thermal strésses were computed using the properties shown in Table 4-2.
The PAFEC 75 program was used to determine the thermal response andbstresses. The
axisymmetric idealization of Figure 4-1 w;s used for the computation. ‘Eight-node
isoparametric elements we?e used th;oughout as with Section.4-1.1. The outsidexof
the generator was assumed insulated and the inside heated or cooled by convection

according to the rates Table 4-3.

4-3 WELD RESIDUAL STRESSES

In order to be conservative in the analysié. " weld residual stresses were
assumed to be present after PWHT (Section 4-6) and were included in the analysis.
The estimate relies on the methodology of Ferril, Juhl and Miller [131. The

computation of the weld residual stress follows from the equation
o(x) = g (.12 - .72x + .72x%)

where x = a/t is the normalized wall position and ay = yield stress of the
material at the temperature at 400F. The idealization shown in the above equation
is valid for a double-vee type of weld. Although the weld procedure for original

manufacture of the vessel is for a single-vee, the presence of the repair weld[19]

suggests the double—vee is a more reasonmable approximation.

4~4 CRACK SURFACE PRESSURE

The proper computation of stress intemsity factors, which is the purpose for

performing these stress analyses, requires including the contributiom due to crack
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surface pressure (CSP). Crack surface pressure contributions to total stress are
included only for cracks on the ID of the SG which are exposed to water or steam.

It is not included for imbedded cracks or cracks in the OD.
4-5 COMBINATION OF STRESSES
The stresses determined in the preceding sections must be combined in order

to get total stresses through—the-wall of the vessel. A typical case is shown in

Figure 4-12. It is noted that the pressure stress, thermal stress, weld residual

‘stréss. and crack surface pressure are included in the summation to obtain a total

stress that varies through-the—-wall of the vessel. -

Upon review of stresses, pressures and temperatures in the complete
analytical 1load spéctrnm of Table 4-1, it was noted that the pressure variations

of many of the transients can be bounded as was shown for - thermal transieants in

" Section 4-2. Thus, the analysis is simplified to that shown in Table 4-3. Most

of the transients from Table 4-1 can be bounded by either the Group 1A or Group 1B

analysis transient. The remaining transients, which are considered separately,

'

_ are the HSB, LSP, HU/CD, and hydrotest. Table 4-1 indicates a hydrotest pressure

equal to design pressure. pde;. Conservatively, the crack growth predictions are
hJ
performed using a hydrotest pressure equal to 1.25 Pdes*

Figures 4-13 thrbngh 4-17 show the maximum and minimom axial stress
excursions associated with the foregoing six transients for the case of no
thinning due to grinding. From these maximums and minimums, the stress ranges to

be used for computing the stress intensity factor range in the subsequent fatigue

~ crack growth analysis are computed. Three other sets of stress ranges are

compiled similar to Figure 4-13 through 4-17. They are: axial stress with local
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thinding, Hoop stress with no local thinning and hoop stress with local thinning.
The axial stresses are then used for the analysis of circumferentially oriented

cracks and the hoop stresses for longitudinally oriented cracks.

4-6 PWHT STRESS ANALYSIS

The localized hegting associated with the éost~we1d heat transient (PWH?) oi
stress—relief procedure is such that the rather sizeable thermal gradients might
cause thermal stresses. These thermal stresses could, in turm, result in local
yielding due either to their magnitude or to the reduction in yield stress at
elevated temperature, -

Accordingly, a finite element analysis was performed to determine the thermal
stresses associated with the PWHT procedure. This also involved determining the

thermal response or heat—transfer characteristics of the generator during the

PWHT.

" Based on preliminary calculations, it was determined that the heat-up and
cool-down rates were slow enough that they could be approximated by the
stead§~state temperatures of the wall., The idealization shown in Fignre 4-10 was
used to determine the steady—state temper#tnre distribution. Then, the methods
unsed in Section 4-2 were followed to compute thermal stress. Based on assumed

average material properties at 600F, the PWHT stresses were determined.
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Table 4-1 Design Transients, IP 3 Steam Generators

TRANS N

HU/CD 200
LOAD/UNLOAD 29200

R. TRIP 400

LOSS OF LOAD 80
POVWER BLACKOUT 10
'LOSS OF FLOW 80
LSPr/with RTP* 6
LSPr/no RTP® 6
+10% STEP 2000
-10% STEP 2000
+20% STEP - 2000
-20% STEP 2000

100% > 60% STEP 200

50% > 0% STEP 200
100% > 0% STEP 80
+5% STEP 2000
~-5% STEP 2000
HSB 25000
HYDROTEST . 50

* LSPr = Loss of Secondary Pressure, RTP = Return to Power

100

547

513.5

513.8

547
547
513
513
501.5
528.8
510
527
530
528

527

- 517.5

515
547

70

T, AT
547 447
513.8 +33.2
545 +31.5
545 +31.2

70 -477
513.8 32.2
205 308
240 273
517.5 +16
513.5 ° -15.3
520 +10
517 -10
513 -17
545 +17
545 +18
507.5 -10
526 +11

70 -477

70 0

4-7

ave

324

530.4
529
529
309
530
359
376.5
509.5
5212
515
522
521.5
536.5
536
512.5
520.5
309

70

0

1005

1003

1003

1005

1003

764

764

690
876
744
870

885

1003

1003
728
855

1005

0

1005

769.8
169
769
0
792
12
25
795
768
812
792
764
870
873
795
778
0

1085

1005
+235.2
234
234
1005
211
=752
=739
+105
-108

+68

-121
-133
-130

+67

-~1005

+1085



Temps
(F)

70
100
206
300
400
500
550

600

Table 4-2 Material Properties, Thermal Stress Analysis

k
(Btu/hr-£ft*-F)

31.5
31.0
30.0
29.1
28.1
27.2
26.7

26.2

a
(ft*/hr)
.5692
.5509
.5246
.4928
4616
.4338
.4198

.4061

P
(1b/ft

489

484

)]

ax10~¢
(/F)

6.07
6.20
6.67
7.10

7.54

7.96

8.16

8.35

Table 4-3 Spectrum for Fatigne Crack Growth Analysis

" TRANSIENT = N{(cycles)

GRP1b? © 29760
GRP1b* 12480.
HSB* 25010
Lspr? 12
HU/CD? 200

Hydro 50

(1) THERMAL TRANSIENT; T, to T, in 1 sec; H = 90.5 BIU/HR-FT-F

T, (F)

550"
550
5504
550
70

70

T, (F) P,(psi)
517 1005
517 1005
517 1005
205 164
5501 0

70 0

764
870
764
12
0

‘1356

(2) LSPr TRANSIENT; T, to T, in sec; H = 500.0 BTU/HR-FT-F

(3) HU/CD TRANSIENT; T, to T, 100F/HR; H = 50.0 BTU/ER-FT-F

48

P,(psi)

Ex10°¢
(psi)

29.9

29.5
29.0
28.3

27.4

26.7
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Figure 4-1 Finite Element Idealization of SG Girth Weld Region
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Figure 4-2 Detail of Girth Weld Region of Figure 4-1
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‘Figure 4-5 Finite E]ement'Idea]ization of Local Thinning of SG Girth Weld Region
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Detail of Girth Weld Region of Figure 4-5
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Fig. 4-9 3-d ldealization of Section Shown in Figure 4-8 =
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Figure 4-12  QUMMATION OF AXIAL STRESSES
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F1gure 4-13 Combined Stresses, Circumferential Crack, No Thinning,
GRPla and H3B Transients
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Figure 4-16 Combined Stresses, Circumferential Crack, No Thinning,
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F1gure 4-17 Combined Stresses, C1rcumferent1a1 Crack, No Thinning,
Hydrotest Transient
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under the Spectrum‘of loads shown in Table 4-3 is accomplished by integrating a

Section §

RESULTS

v

Fatigue crack growth computations, a generalized leak-before-break assessment
and an evaluation of crack stability under pressurized thermal shock conditions
were performed on the steam gemerator girth crack weld region and the results

follow.

5-1 FATIGUE CRACK GROWTH.

It is well known that the fatigue crack growth rate can be readily quantified .
in terms of stress intensity factor range AK. The Ax'parametet is determined
using the computer ptogram FPDSSM which also integrates the crack .growth rate
equation for specified material'prop:ties. FPDSSMvuses the slice synthesis method
of detetmining.stress intensity factors for an arbitrary stress gradient as more
fully described in Appeﬁdix B. In the case of the steam genmerator, the stresses
were determined based on a mapping of 77 stress po?nts through the vessel wall.
This is shown schemat;cally ‘in Pigure 5-1. Computation of crack growth rates
érnck growth rate curve such as fhat shown-i# Figure 5-2. Figure 5-2 is taken
from the 1974 ASME Section XI Code[12]. The growth rate curve for surface flawg
in water reactor environment, as shown in Figure 5-2, was used for calculatioms.
Based on an initial flaw aspect ratio of a/2¢c = 1/6 and the worst case stress, it
was determined that the expected témaining life of the vessel with these typical
postulated defects was between three and.six times the design 1life, The aspect
ratio is adjusted after each . increment of growth to account_for variations in
growth rate along the crack front. These results are shown in Table 5-1. It is

noted that the gemerator design life is approximately 40 years.
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5-2 LEAK-BEFORE-BREAK

Leak-before-break (1bb) logic is based,upon the determination of the size of
crack that produces a detectable leak under normal operatxng condxtxons. This is

followed by demonstration that this size crack is stable vnder faulted conditions.

5-2.1 Material Proﬁe;tigs

Because leak-before-break analyses are dependent on the fracture toughness
and characteristic crack growth resistance‘cnrves. it is necessary to summarize
the data contained in Appendix A. Material property curves are shown in Figures

5-3 to 5-5. Figure 5-3 is representative of the test results in the form of J-Aa

. resistance curves for samples taken from the Indian Point stéam generator; It is

noted that the curves shown in Figure 5-3 are comservative lower bounds to the
actual test data. The specimen identified as CWLDS is from another souzce and is
included to show the effect of specimen size; The specimens taken from the steam
generator weld girth region were of .5T-CT type specimens. This means thaf the
thickness of the specimen was 0.5 inch and its nominal overall dimemsions were

slightly over 1.0 inch. In contrast, the CWLDS specimen has a thickness of 1.0

inch and has overal dimensions in excess of 2.5 inches. The effect of size is

readily apparent in Figure 5~3. The J-Aa curves of Figure 5-3 can be used to
construct a family of J-T curves of these materials. These results are shown in
Figure 5-4, It is noted in Figures 5-3 and 5-4 that the minimum J-Aa and J-T
curves are for specimen US2JS. This specimen represents upper shell material,
A302B, at 500F. As it is the minimum, it is obvious that it is- a conservative

representation of the material and will be used for the stability calculations.

J-T data for specimen US2JS is shown in Figure 5-5.
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Recent methodology permits analytical accounting for- the effect of specimen
size, in terms of "Aa/b, on J. This analytical representation is in terms of a
parameter called J 4 and is due to Erast [18]. The results of converting the
deformation vth;ory J to Imod are shown in Figure 5-5. It is noted that the J -T
results indicated by a star give‘highef values for resistance to tearing. These

are included for comparison.

5~2.2 Leak Rate Analysis

The estimate of the legk rate for various cracks was based upon the LEFM
basedAmethods given in Referemce [17]. In general, the leak rate depends upon the
applied stress and crack length.A.Ihus; the calculation of leak rate mnecessitates
the aevelopment of a‘fluid flow model for fluid leaking throngﬁ a crack., It alsé
requires consideration of the'thermodynamics of the flé; and the surface roughness
of the crack. The simplest leak raté analfsis[ll] assumes that the opemed area of
th§ crack can be modeled as a rectamgular slit of constant height. This

idealization was used herein.

The typical presentation of.theAresults.cf the leak-rate calculations is by a
curve of 1leak rate vs. crack length, as shown in Figure 5-6. It is noted that
the applied stress is a parameter. The higher the stress, the larger is the crack
opening and the” larger the corresponding 1leak rate. The estimated leak rate
- behavior for iongitudinal and circumferential cracks under normal operating
conditions, at ;he girth weld, is shown in Figure 5-6. These computations were

performed using 'LEKRATE’[17] and an estimated effective average membrane stress.
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5-2.3 Crack Stability for LBB

Taking results from Figure 5-6, at leak rates of approximately 10 gpm, it is
found that the corresponding circumferential crack, herein called 2¢4,, has a |2
length. of approximately 14 inches and the longitudinal crack has a iength of
approximately 10 inches. Then, following typical 1bb logic, 2t is added to 2c10. |2
Using the methodology developed in Section 3-1.1, the values for J can bé-compnted
for cracks of 2clo+ﬁt and longer, and thé results are shown iﬁ Figure 5-7 for the |2
circumferential th;ough—the—vall crack. For the case of the crack in Figure 5-7,
should the value' of J exceed JIc' then the teafing stability methodology of
Section 3-1.3 is required. The results of sﬁch an approach are shown ian Figure

5-8. For the case of a circumferential through-wall crack at a location with

localized thinning, then the results in Figures 5-9 and 5~10 are applicable.

In the case of longitudinal cracks, the analytical methodology 1is slightly
"different than that for circumferential cracks. This was previously discussed in

Section 3-1.2 and 3-1.4. The results of postulated longitudinal cracks are shqwn.

in Table 5-2.

$—3 PRESSURIZED THERMAL SHOCK

Under certain postulated accident conditions, operation of the steam
generators could result in a low water level. This ev;nt is associated with an
interruption of feedwater flow followed by introduction of amxiliary feedwater at
T0F. The flow of auxiliary feedwater manifests itself as a jet of cold water ?
impinging on the hot steam gemerator wall. In the limiting case, tyis can cause

very large stresses and could cause crack instability should a large crack be

present.
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Crack stability calculations were conducted [21] under conditions of
pressurized thermal shock and the results are presented in Figure 5-11. Details |
of this methodology are PROPRIETARY and only those persons authorized to have

access to the referemced report [21] shall be privy to the methodology.
5-4 DISCUSSION
The stress inalysis methods wused for 1local thinning and circumferential

orientation reiy on am axisymmetric idealization. This approach results in

stresses that are very conservative because the actual "notch” associated with the

_ local thinning is 1limited to 20 inches in length. For the actual case, load

transfer would occur and the stresses would be much lower and the stress—gradient

through-the—wall, less steep.

F;tigne crack growth computations were based on the representative [12] data
which is .;ssnmed to be that of the typical "water reactor enviromment” shown in
Figure 5-2. This approach does not take into account any previous adulteration of
the steam generator water chemistrf. If good water chemistry control is
maintained throughout the remaining operating life, this growth rate is vali@.

Should the water become contaminated, then these rates may be unconservative.

At present, fatigue crack growth fests are being performed wusing test
specimens fabricated from material taken from the girth weld region. These tests
are to be conducted in an environment that is typical of that expected to be
present in the generator dnring‘ its remaining service life. Results obtained

therefrom shall be factored into this amalysis in the form of an Addendum.
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The dévélopment of estimates of leak rates for circumferential and
longitudinal through-wall cracks is hampered by the complexity of determining
general crack opening areas for complex shell geometries. Rather than undertake a
large developmental éffort. suitable estimates were made. These relied on
limiting crack lemgths to cracks hﬁving lengths over S5t and developing the concept
of an "effective” hembfane str;ss that pro&uces the craci opening. Im all cases,

the estimation approach is conservative for cracks longer than 5t.




‘ . Table 5-1 Fatigue Crack Growth Results

a;, in(]) N, Lifetimes
250 6T
.875 3t

(1) "a/2c = 1/6, worst stress case

;3 . - .Table 5-2 Stability of Longitudinal Cracks.

6 e ez 2¢ + 2t,(in) Jagas 1b/in Spzits Ib/in
T" - 0.1 3.2 0.2 163 5579
1.0 6.5 13.5 - 234 6649
1 10.0 14.3 21.3 475 8387
y
& (1) Based on 1000 psi
T (2) Based on 1085 psi; J = K*(c+ry)/E”, K = op/mc F(A)
' o
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CoMPUTE K USING 2-D MAP OF STRESS
S = S(X,Y), S(X,Y) IS HIGH ORDER POLY.

SYMMETRIC

MAPPING USES:

11 POINTS THRU THICKNESS
7 POINTS CIRCUMFERENTIALLY

Fig. 5-1 Stress Mapping for FPDSSM K .Computation
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" Section 6

CONCLUSIONS

Part-through surface cracks were postulated to exist in the worst location of

the girth weld and fatigue crack growth combutitions were performed, using
representative growth rate data. It was determined that cracks having an aspect
ratio of 6:1 and -a deptk of .25 inches ionld take more than six times the
remaining operating life (37 years) to prépagate through—the-wall of the vessel.
Similarly, for cracks having a d;pth of one—quarter of the wall thickness (.875
inches), it required over th;ee times the remaining operating 1life to ptop#ggte

through the vessel wa}l.

A geneialized leak-before-break criteria was evaluated based on cracks that
extended through—the—thickness of thq vessel wall, This involved determining the
longitudinal and eircumferenfial erack lengths, 2¢,,, corresponding to leak ratés
of 10 gpm under normal operﬁting loads. Then, the stability of cracks having a

length edual to 2¢ plus 2t was examined under Level D conditioms. It was

20

-demonstrated - that - both longitudinal and'circumferential'crapks; that cause such

leak'rafe§.>ﬁave'é*&éllént margins of #tabilitj.  in fact, czackg: having ieﬂgths

in excess of 20 inches were shown to be stable.

Lastly, consideration was given to a postulated accident condition under
whick 70F feedwater is introduced into a hot steam generator having a low water
level. This event, commonly known as pressurized thermal shock, was analyzed and
it was concluded that excellent stability for a conservatively sized (large) crack

could be expected.
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APPENDIX A

MATERIAL PROPERTIES

Appendix A describes the methods used for transforming test.resnlts or data
into J-Aa and J-T plots to be used és'matérial properties for the ctaci stability
calculations. The redunction of the data and the plotting of the extraﬁolated J—Aar
and J-T curves was accomplished by using the computer program JTPLOT [6]. It also
snmmarizes>other available data from the literature Athat is relevant to the:

subject of this report. " -
A-1 SOURCE OF TEST DATA

The data base included nine J-Aa curves from two sources. The source for six
of the J-Aa curves was the report 'J-Integral Fracture Toughness Testing of Indian
Point #3 Steam Generator ﬁifériai7wfij;r This report [2] inclndéd both A302B steél.
aﬁd A3628/E801§ weld met#i takeﬁ ffom thé steam geneg#t&r (Sé)} The atﬁer J-Aa
datas was taken from 'EPRI Report NP-304' [g]. This latter set of data [5] was
A533B/E8018 weld metal. Tensile properties were taken from Ref.[1,3,4and5]. A
detailed discussion of the method of data reduction and the QA procedores utilized

follows.

A-2 DATA REDUCTION
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~ For the specimens from Ref.[2], the yieid, ultimate and flow stresses were
calculated according to whether they were A302B steel or weld metal material
types. For the A302B steel, the flow stress was computed from the tensile

properties determined from tests on the material takem from the SG [3]. This

value of flow stress is valid for a temperature of 70°F. However, specimen US2J

was tested at a temperature of 500°F. To obtain flow stress estimates at 500°F,
interpolation was required. The ratio of the flow stress at 500°F compared with
that at 70°F based on Ref.[4] data was used to extrapolate the 70°F flow stress
obtained from on Ref.[3] data to 500°F. For the weld metal, the values of the
yield and the ultimate stresses at 70°F and 500°F were determined by interpolating
the yield and the ultimate stress data given in Ref.[4]. “These tensile properties
have " been summarized in Table-Al. Values for the mﬁdulns of elasticity, E. were

taken directly from the ASME B+PV Code, Section 3 [1], corresponding to the test

temperature.
TABLE A-1 TENSILE PROPERTIES EVALUATION
MATERIAL TEMP METEOD OF EVALUATION AVERAGE STRESS
TYPE .- °F REF. OF FLOW STRESS YIELD ULTIMATE FLOW
‘ - .. (ksi). . (ksi) (ksi) .
"A302B 70 - 3 ‘ -straight average - 67.0 - - 86.3 76 .65
A302B 500 3.4 interpolation between na na 72.24
references

Weld 70 4 interpolation 80.35 92.63 86.49
A3028/E8018 ' ‘
Weld 70 2 average of sum of na na 77.30

A533/E8018 specimen data

na — data not available

J-Aa and load data from References [2] and [5] was transferred to a computer
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input data sheet and £hen entered into the computer for storage on a disk file.
The data from Ref.[5] was taken from three groupings, CMM, CNM and COM. These
groups were combined into ome data set and renamed CWELD. The valnes of
temperature, flow stress, thickness. and initial and final crack lengths used for
CWELD represented an average of all data points within groups CMM, CNM, and COM.
After performing standard FPDC QA f:ocgdnres. the data entered into the computer
was graphicaily displéyed on a computer terminal screem for comparison with the

original J-Aa plots given in Ref.[2] and [5].

Any abnormal points were investigated and, if mnecessary, corEected. The
corrected values were then re—checked by re-plotting and comparing as described
above. Next, the data files were printed out and checked digit by digit against

the original data.

The single specimen test procedure used for developing the J-Aa curves for
the SG material involved heat—tinting at the end of the test to compare computed
Aa with actual Aa. Some errors in computed vs. actual were noted [2]. .In order
to remove these errors in computed vs. Qctual Aa, based on heat—tint after
testing, an extrapolation at the data was performed for each qucimen in Ref.[2].
The extrapolation  involved shifting the Aa computed to correspond with the value
of Aa based on heat—tint. This shifting involved a visual estimation of the shape
of the J-Aa curve that brought the computed Aa into correspondence with the Aa
from heat-tinting. The solid curve shown in Figures A-1 through 6 represents the
adjusted Aa values used for developing the J-T plots. The values of Aa from this
adjusted curve (hand drawn) were then entered into the computer. Again, QA
procedures were followed in the same manner as for the first data reduction.

After this adjusted curve data had been verified, the appropiate J-Aa and J-T
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curves were plotted, using JTPLOT [6]. All adjusted data and plots have been

identified by appending the letter 'S’ to the specimen number.

'The data used for the CWELD group was developed during the multi-specimen J
test era. Thus, adjusting the Aa tp correspond with the heat—tint value was not
required. But, the data did exhibit comsiderable scatter. To eliminate the
scatter, a smooth curve was drawn (by hand) through the lowég bound of the data
points as shown in Figure A-6. From this.cnrve. the same method of data reduction
and QA verification used for Figures'Arl—S was used to develop the ’'adjusted’ J-Aa

and I¥T plots. These results are tabulated in Tables A-2 through 8.

Using the results from the adjusted data plot, combination plots Aof J-Aa,
Jmod-Aa and J-T, Jmod-Tiod for each specimgn (except CWELD), wyre-plotted using
the JTPLOT [6]. For CWELb only J-Aa and I-T are- given. The purpose of
incorpora?ing the modified values of J and T in the J-Aa and J-T material
evaluation was to yield a better correlation of material ﬁroperty data and s
higher factor of safety, for the crack stability analysis; A description of the
method used to defcrmine Tpoq follows below.

As a final note, Specimen CW1J did not have a sufficient number of data
points to develop ﬁ valid J-T plot. Thus.‘_it is not'shqvg.. Specimen CW1J
exhibited intermittent crack instability during testingl[2], causing the material
to behave in an erratic manner. The J-Aa data so obtained was not included

because of the abnormal behavior. The abnormality can be attributed to the

presence of large residual stress and possibly, pre—existing cracks.
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A-3 PROCEDURE FOR CALCULATING T .

The value of Tmatu°r'T is computed by fitting a second order polynomial
through m dats points where m is an odd and user selectable number. Starting with
the first data point. i, for which.Ii>ch. and using the next m1 data points,
i.e., Ji. Ii+1’ cees Ji+m—1 for curve fitting, the slope at the>mid-point.was
calculated. The mi#-point corresfonds to IP ;here-p = i+(m-1)/2. The next step
is to evaluate the slope at Jp+1. Ip+2. cees J1ast® The process stops when i+m—1
exceeds the number of data points. T is computed from the slope of ther fitted
J-Aa curve, - dIP/da, from Tp = (de/da)(E/cl). where E and ¢ are the modulus and
flow stress respectivgly for the tempetaturé of interest. Typically, the
evaluation starts with m = 5, agd if the J-T plot has excessive scatter,K m is

increased tom =7, 9, or 11,

On each J-Aa and J-T plot, the J and T values correspogding to Aa=0.1b, v = 3
and © = 5 (where w = (dT/da)(b/J)) were identified. If these values exceeded the
upper or lower limits of the data poiats, the marks were drawn at the last data

point for the 0.1b limit or at the first data point for either o limit.

A-4 PROCEDURE FOR CALCULATING T 4

The process of calculating Jmod.was based upon the method proposed by ﬁrns§
[{71. The value of J 4, at the data point (i+1l) was determined by ultilizing the
following incremental expression: Jm(i+1) = J4(i+1)*AT(j+1); vhere Ta(i+1)
denotes the value of the deformation theory J at that level. The term AJ(;,7) was

calculated using the expression AJ(i+1)=AJi+[(m/b)(Jpl)li(ai+1-ai)' under the
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condition AJ=0 when i=0. The term [ ]; designates that the parameters inside the

' brackets were evaluated at stage i.

For the CT specimen type the value of m, in the equation for AJ(i+1), was
determined from the expression m;=(1+0.76b/W);; where the remaining ligament b;=

width-initial crack—Aui. The plastic compoment of J, J is determined from

pl’
Ip1=I-J°. where Ie=K2/E. The expression for K [8,9] that was chosen was:

) P, (2+a) 2 3 4
- i = (0.886 + 4.64a - 13.32a“ + 14.72a° - §5.6a")
: | BWl/ 2(1-a)3/2 -

{.

where e;= a/W. The expression for « was considered to be valid for the

condition ¢i>0'2°

A-5 RESULTS

iv By using the previously discussed curve fitting procedure and with the aid

) ~of 'adjusted’ data, J-Aa, Jm—Aa and J-T, Im—Th were plotted for each specimen. as
Ij 1 |shown in Figures A-7 through 18, Figures A-7 and 8 are for’CWELD’fof”which' Im
- could not be calculated. In addition, all J-Aa and J-T data was plotted im
i; Figures A-19 and 20 to compare the material properties. Similarly, Figures A-21
?“ ' and A-22 involved plotting a family "of curves of all specimens (excluding
s CWLDS), for the modified J-Aa and J-T curves, to provide a basis for comparison.
31 1 Comparative Iic’ Tﬁat and CVN data is also included froﬁ literature sources as

shown in Figures A-23 through 25.
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APPENDIX B

FPDSSM

The FPDSSM program is based on the computation of stress—intensity factors by

" means of the slice sjnthesis method.

B-1 THE SLICE SINTHESIS METHOD

>The slice syntheéis method permits solutions for flawed 3-D geometries to bg
synthesized from 2-D solutioms. Throngh'applicatibn of-this,method. such powerful
and well established 2-D analysis techniques as complex function theory and the
universal weight function, i.e., influence coefficient, theory of Bueckner(l) can

be extended to 3-D geometries. In this manner, the influence of finite boundaries

can be completely included.

B-2 THEORY

Figure B.1 illustrates the application of the slice synthesis. method to a -~
typical reactor nozzle. The pressure vessel wall is idealized as an ;ssemblage of
flat radially cracked slices of infinitesimal thickness while the reinforcing ring
on the inner boundary of the vessel wall and the nozzle proper are idealized as an
assemblage of radially cracked rings of infinitesimal thickness. Mechanical

coupling between the slices arises from the transverse shear stresses whiéh exist

ey s s
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at the intérface between adjacent slice elements. These transverse shear stresses
arise from the restraining effect of mneighboring slice elements on the crack
opening displacement of each cracied slice element. The influence of theée
stresses is simulated by a 2-D system of lige springs attached to faces of the
cracked slicelelements. The \properties of these springs are determined by
idealizing the reactor wall/nozzle as an assemblage of single edgé craék slice
elements.as.ghown in Figure B.2.
' .
In order for the radial crack and spring elements to be compatible, we must

have:

E=a(z) I'u=k+§

(1/E)
x-R R

[p°(n)-p‘(n.z)f 8(u,8) c8(x,8)p, dudl =
' (B-1)

' =b(x) u= - '
ﬂ.(I/Es) Izg' x I: ; p'(x.n)g(u.s)sg(z.s)s duds

1 v
vhere p°(x) is the ctackline'loading (i.e., the negative of t#e stresses existing
in the nnflawéd ;tructure along the plane.of crack extension), p‘(x.z) is the

magnitude of the unknown stress transmitted across the springs, E .is elastic

modulus of the flawed material, E; is the effective 'modulus of the spring

elements, g(x,&)

rc 1s the Bueckner universal weight function for the 2-D radisal

crack slice elements and g(z.&)s is the corresponding Bueckner universal weight
function for the spring eléments. The effective modulus E; of the spring elements
is a measure of the shear coupling between radial crack elements and is determined

by the flaw aspect ratio a/b per the following equation:

ES/E = (b/a)/(l—pz) I¢=n/’ /ginzﬂ + (a/b)*cos’p do (B-2)
[}

where p is Poisson’s ratio.

Equation (2-1) is a singular integral equation with p‘(x.z) -the stresses
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transmitted across the spring system, as the unknown function. The eqnation.is
solved numerically by treating p‘(x,z) ﬁs i power series with unknown
coefficients. These coefficients Qre determined by a multiple linear regression
scheme by forming a redundant system of simultaneous equatioms. Values of the
étress intensity factor at any point along the crack fromt cam the be obtained by
asymptotic expansion of the near tip displacement field; A complete description

of the slice synthesis method is given in Reference(2).
B-3 APPLICATIONS ' : ,
] c

The slice synthesis method offers several significant advantages over other
3-D techniques. such as the boundary integral method or the 3-D finite element
methods. These advantages are:

a

v

(1) There is no need to model the crack—tip regiom or the interior domain or the
boundaries with mnodal elements. Hence, finite boundaries areAreadily accountd
for. Also, the crack front can advance (as for fatigue crack growth computations)

without the necessity of remodeling the geometry for each increment of growth.

(2) Compnter solution time is drastically reduced. This reduction makes it
feasible to incorporate the cycle-by—-cycle flaw shape changes into the crack
growth tracking algorithmmn, thereby providing a more accurate and realistic

representation of the flaw growth process in a reactor pressure vessel.

(3) Different crack loading conditions can be easily accommodated. - This feature
is a nebessity for accurate prediction of crack growth behavior in a reactor
™~

vessel where the transients causing crack growth comsist of various combinations
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PAGE B-4
of internal pressuore and temperature. During the crack groith process, checks
must be made at each stage of growth to assure that the member'ﬁossesses adequate
residual strength to withstand any emergency or faulted conditions where the
crackline loading associated with these conditions is different from the cracklinme
loading producing the éubcriticgl crack growth. Also, any changes in the

crackline loading due to plastic yielding at the crotch of the nozzle or due to

»é:eep relaxation of the stress field can also be readily included.

B—-4 VERIFICATION OF SLICE SYNTHESIS SQLUTIONS

Verification of FPDC’'s computer program (FPDSSM) for performing slice
synthesis meéthod stress analyses of flawed geometries was performed(__) by
comparing predictions against published solutions for common 3-D flaw geometries.
Slice synthesis method prqdigtions fof stress intéﬁsit;-factors were compared with
available so;utions in the . literature for the following crack geometries:.
part-thru surface flaw, penny shaped embedded flaw, longitudinal part—thru and
edge cracks in a pressurized cylinder, cornmer flaw in a quarter—infinite solid and
the radial cornmer flaw emanating from an opean hole. ’Very good correlation is
found to exist between the slice synthesis method predictions and those obtained

from other methods, thus verifying its suitability for the fracture mechanics

analysis of nuclear safety related components.

B-5 REFERENCES

1. H. F. Bueckner, 'A Novel Principle for the Computation of Stress Intensity
Factors,’' Z. Angew. Math. Mech., 50, pp. 529-546, 1970.

2. W. T. Fujimoto, ‘'Determination of Crack Growth and Fracture Toughness
Parameters for Surface Flaws Emanating from Fastemer Holes,' Proceedings of the
ATAA/ASME ISAE 17th SDM Meeting, Valley Forge, PA., May, 1976.
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HEAT TRANSFER CALCULATIONS
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SOEST HILL
ENGINEERING
F.0O. Box 1187
Rolla, Missouri 65401
March 31, 1983

Dr.‘Keyreﬁ H. Cotter

. Fracture Proof Design Corporation

77 Maryland Plaza
St. Louis, Missouri 463108

Reference: Heat Transfer Near Heated Zone
Dear Dr. Cotter:

I have estimated the heat transfer coefficient for natural
convection air flow over a heated vertical wall. 1 assumed a
heated region 12 to 16 inches at 1200 degrees F. The
calculation is relatively insensitive to the temperature
difference and the heighth of the heated zone. The upper limit
on the heat tranfer coefficient 1is.1.37in English units. A
value of 1.0 to 1.3 should be adequate for the calculations as
you described them on the telephone.  The finite element method
as you outlined should properly describe the temperature
distribution in the wall. The internals of the steam generator
will serve as a heat sink and help keep the air temperature down
and the delta-T up; this will in turn keep the value of h around
1.0.

I1f a larger heat transfer coefficient is desired, some type of
forced flow must be utilized. The +forced convection heat
transfer coefficient would be at least an order of magnitude
larger. ' ’ :

Sincerly yours,

D. Ray €dwards, P.E.

c-1
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SOEST HILL
ENGINEERING
_ FP.0. Box 1187
Rolla, Missouri 65401
March 20, 1983

Dr. kKeyren H. Cotter

Fracture Froof Design Corporation
77 Maryland Flaza

St. Louis, Missouri &3108

Reference: PO 124
Dear Dr. Cotter:

The attached calculations are for the calculations of the
temperature at the wall located 2 feet 9 3/4 inches below the
inlet. 1 have detailed the assumptions in the calculations,
noted appropriate steps,  listed _ references, and noted
assumptions. Basically, I assumed a free jet. along a wall.
This is conservative since a confined -jet will have a more
restricted or narrow plume. In fact, the BA  calculations were
based on a restricted jet and the result is that the jet plume
does not reach the wall at the weld. Hence, the predicted
temperature of 517 to 524 degrees F is conservative. '

The heat transfer coefficient calculated is given in a range
based on the spacing of the "J" tubes. The coefficient is
higher when the tubes are closer together. The range I
calculated is from 49 to 90 in English units. This should cover
the range required for any calculation of wall temperature.

Sincerely vyours,

L, 5l

D. Ray Edwards, P.E.
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MEMO TO: D. Ray Edwards
FROM: Gary E. Mueller
RE: Turbulent Jet Calculation

First of all I independently calculated an approximate temperature
at the location of the weld., The value I obtained at the edge of -
the jet boundary layer was apbroximate]y 480°F which was about 8
inches out from the wall of the weld. This means the temperature
at the weld should be relatively close to this value. After
obtaining this value I reviewed your method of calculation and

found out you obtained temperatures which were relatively close

to this value. Thus, I feel that your method of calculation is

-~ Gary E. Mueller - .
Assistant Professor

valid for a first approximation.




