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A PARAMETRIC STUDY OF PWR PRESSURE VESSEL
INTEGRITY DURING OVERCOOLING ACCIDENTS,
CONSIDERING BOTH 2-D AND 3-D FLAWS

R. D. Cheverton and D. G, BRall

ABSTRACT

A continuing analysis of the pressurized water reactor
pressurized thermal-shock problem indicates that the previously
accepted degree of conservatism in the fracture-mechanics model
needs to be more closely evaluated and, if evcessive, reduced.
One feature that was believed to be conservative was the use of
two-dimensional as opposed to finite-length flaws. The degree
of conservatism could not be adequately investigated because of
computational limitations and a lack of knowledge regarding
flaw behavior; however, that situation has changed to the ex-
tent that some cases 1involving finite-length flaws can be
studied. A flaw of particular interest is one that is located
in an axial weld of a plate-type vessel. For those vessels
that suffer relatively high radiation damage in the welds, the
length of the flaw will be no greater than the length of the
weld, and recent calculations indicate that a deep flaw of that
length (~2 m) is not effectively infinitely long, contrary to
previous thinking.

The benefit to be derived from consideration of the 2-m
flaw and also a semielliptical flaw with a length-to-depth
ratio of 6/1 was investigated by analyzing several postulated
transients., In doing so the sensitivity of the benefit to a
specified maximum craci-arrest toughness and to the duration of
the transient was investigated. Results of the analysis indi-
cate that for some conditions the benefit in using the 2-m flaw
is substantial, but it decreases with increasing pressure, and
above a certain pressure there may be no benefit, depending on
the duration of the transient and the limit on crack-arrest
toughness,

1. INTRODUCTION

A class of transients referred to as overcooling accidents (OCA's)
may pose a threat to the integrity of the pressure vessel in a pres-
surized water reactor (PWR).!™3 The potential problem involves the
propagation of preexistent shallow crack-like defects during thermal-
shock loading conditions associated with the postulated OCA's, and in an
extreme situation the thermal loads, in combination with pressure loads,
could conceivably result in a breach of the vessel. This threat tends
to exist because the OCA-induced thermal shock results in high thermal



stresses and a reduction in fracture toughness. The fracture toughness
is also reduced by radiation damage, and this introduces a time depend-
ence of the severity of the problem; that is, the longer the vessel is
in service the greater the potential for propagation of preexistent
flaws.

Radiation damage in the vessel wall is enhanced by the presence of
copper, an impurity, and nickel, an alloying element.“~® In most PWR
vessels so-called high concentrations of copper are found only in the
welds; thus, the regions of the vessel wall of greatest concern are the
welds in the vicinity of the reactor core, where radiation damage is
relatively high. As a result the length of a flaw tends to be limited by
the length of a weld and also by gradients in the fast-neutron fluence
along the length of a weld.

Fracture-mechanics models used for analyzing flaw behavior during
OCA's have generally been restricted to two-dimensional (2-D) flaws:
infinitely long axial flaws and continuous circumferential flaws for
plate-type vessels, which have both axial and circumferential welds; and
continuous circumferential flaws for vessels fabricated from ring forg-
ings. In a plate-type vessel the axial welds tend to be of greatest
concern because the stress intensity factor (K;) for a long axial flaw
can be substantially greater than for a ctrcum%erential flaw, and flu-
ence gradients are generally less in the axial direction.

Long flaws have been analyzed because (1) they are amenable to
accurate analysis; (2) the more probable finite-length flaws were con-
siderably more difficult and expensive to analyze; (3) there were indi-
cations that under thermal-shock loading conditions short flaws would
grow to become long flaws;7 and (4) the consideration of long flaws
appeared to be a conservative approach, yet not excessively so. How-
ever, a continuln§ study of postulated NCA's and a few OCA's that have
actually occurred® indicate that the problem may be severe enough to
warrant a closer examination of the degree of conservatism in the frac-
ture-mechanics model; 1if it is excessive, an effort should be made to
reduce it.

Fortunately, recent advances 1in three-dimensional frocture-
mechanics-analysis techniques have made it practical to examine to some
extent the oehavior of finite-length flaws during postulated OCA's.
This report discusses the possible benefits, in terms of vessel integ-
rity, to be gained by considering the more probable finite-length flaws
in the OCA studies. 1In addition, the sensitivity of this effect to a
specified maximum crack-arrest toughness and to the duration of the
transient is investigated.
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Fig. 2. Critical-crack-depth curves for a PWR LBLOCA assuming a
long axial flaw, high concentrations of copper and nickel, and normal
end-of-1ife fluence.

higher-toughness material and for this particular case eventually
arrests.

If the crack depths corresponding to the initiation and arrest
events are plotted as a function of the times in the transient at which
the events take place, a set of curves 1s obtained that indicates the
behavior of the flaw during the entire transient. A typical set of
critical-crack-depth curves for a LBLOCA is shown in Fig. 2. As indi-
cated by the dashed lines, the long axial flaw would propagate in a
series of initiation-arrest events and, if a phenomenon referred to as
warm prestressing® (WPS) were not effective, would penetrate deep into
the wall.

The LBLOCA represents an extreme OCA in the sense that the thermal
transient is very severe, while the pressure is essentially zero. For a
more typical postulated OC\A the pressure 1is substantial. As a result
the slope of the K; curve is steeper, particularly for the deeper flaws,
and this increases the possibility of deep penetration of the flaw.
Furthermore, repressurization during an OCA, following a reduction in
pressure, may negate the effects of WPS. For this reason there is some
hesitancy at this time to take advantage of WPS in a safety analysis,
and it is not considered further in this paper.



If the flaw propagates deep into the wall of the vessel, it is pos-
sible that the vessel will fail due to plastic instability in the re-
maining ligament. Presumably such a faflure is not possible under
thermal-loading conditions only;® however, if the pressure is substan-
tial, plastic instability must be considered.



3. FRACTURE-MECHANICS MODEL

Linear elastic fracture mechanics (LEFM) was used to analyze the
behavior of the flaws up to a point where one of two specified failure
criterion were assumed to be controlling. One of these fallure crite-
rion is based on the assumption that a fast-running crack will not
arrest if K, exceeds a value corresponding to the upper shelf crack
arrest toughness, as illustrated in Fig. 3, and the other involves the
inability of a crack to arrest after development of plastic instability
in the remaining ligament.

The largest measured value of dynamic fracture toughness included
in the ASME Code (Sect. XI)? for PWR pressure vessel material is 220 MPa /m,
while more recent datal® indicate that appropriate K values could be
as high as 330 MPa vm. Previous studies!! demonstrated that for some
postulated OCA's this range of (Kla)max values could make a substantial
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difference in the calculated behavior of a flaw; thus, both values were
included in this study.

With regard to plastic instability, a critical crack depth cor-
responding to this failure condition was specified for each pressure,
assuming no three-dimensional or thermal-stress effects, a uniform pres-
sure stress in the ligament, and a failure stress of 550 MPa.

The reactor pressure vessel included in the analysis was typical of
existing PWR's except that the thin layver of stainless steel cladding on
the inner surface was excluded. Recent studies!? indicated that com-
plete exclusion of the cladding (no thermal or stress effects) resulted
in essentially the same potential for vessel failure as estimated by in-
cluding the cladding as a discrete region; thus, omission of the c¢lad-
ding appeared justitied for the purpose of this study.

The flaws analyzed were oriented in either an axial or circumferen-
tial direction; they extended to the inner surface of the vessel; and
with regard to shipe and size there were three types: 1infinitely long
flaws (2-D flawe), semielliptical flaws with a length-to-depth ratio of
6 (6/1 flaw), and semielliptical flaws witu a length of ~2 m (2-m flaw).
Appropriate combinations of these flaws (see Table 1) were selected for
the purpose of evaluating the effect of flaw type on vessel integrity.

Table 1. Combinations of flaws used to determine effect
of flaw type on vessel integrity

Flaw Flaw events Flaw
combination ¥ orientation
2-D, 2-D 2-D for initial initiation Axial and

2-D for all subsequent events circumferential

2-D, 2-m 2-D for initial initiation Axial
2-m for all subsequent events

6/1, 2-m 6/1 for initial initiation Axial
2-m for all subsequent events

6/1, 2-D 6/1 for initial initiation Circumferential
2-D for all subsequent events

For both the 6/1 and 2-m flaws, radial propagation of the flaw, in
terms of both initiation and arrest, was assumed to be governed by the
Kis Kioy and K a Values at the deepest point (midlength) of the flaw.

e rationale gbr making this assumption and for considering the par-
ticular flaw geometries and combinations is discussed in the next sec-
tion.

Stress intensity factors for both the 2-D and semielliptical flaws
were calculated using superposition techniques, and this required the



availability of appropriate influence coefficients., Several investiga-
tors!3=15 have calculated coefficients for semielliptical surface flaws
in cylinders; however, not all of the coefficients necessary for the
range of fiaw sizes considered in this study were ava.lable. Rather
than attempt to extrapolate the existing data, influence coefficients
were calculated specifically for the flaws of interest here. Their
derivation and the application of the superposition technique are dis-
cussed in Refs. 16 and 17.

Fracture toughness data (K;, and K;, vs T — RTNDT, where T is the
temperature and RTNDT is the reference nil-ductility temperature) were
taken from ASME Sect. XI,9 and the reduction in toughness due to radia-
tion damage was estimated using Eq. (1), which was recently proposed by
Randal1!8® as a revision to Reg. Guide 1.99, Rev, 1,19

ARTNDT = 0.56 (=10 + 470 Cu + 350 Cu Ni)(F x 10-19)%+27 (1)
where

2 x 1017 < F < 6 x 10!? peutrons/cm?,
F = fast neutron fluence (E » 1 MeV) at tip of flaw,
ARTNDT = increase in RTNDT at tip of flaw due to fast neutron ex-
posure, °C,
RTNDT = RTNDTO + ARTNDT,
RTNDT_ = initial (zero fluence) value of RTNDT,
Cu, N? = copper and nickel concentrations, wt Z.

A typical attenuation of the fluence through the wall of the vessel that
includes a correction for the effect of the change in neutron spectrum
through the wall on radiation damage was also recently proposed by
Randall!® and is being used in the ORNL studies. The relation is

F = F, e~0.009a s (2)
where

F = fast neutron fluence at tip of flaw,
F, = fast neutron fluence at inner surface of vessel,
a = depth of flaw, mm,

For the purpose of comparing the calculated effects of the choice
of flaw combination and (K a)ma on vessel {integrity, threshold or
critical values of RTNDT corresponﬁing to incipient initiation of a flaw
and incipient failure of the vessel (extension of the flaw through the
wall) were calculated. For convenience the particular values of RTNDT
that are compared with each other are the values corresponding to the
inner surface of the vessel wall; they are referred to herein as
(RTNDT')ct for incipient initiation and (RTNDTS)cf for incipient fail-
ure.

The critical value of RTNDT is the minimum value, with respect to
both time in the transient and crack depth, that results in K, = K1
and/or crack penetration of the wall (no arrest). Since Kies k 5™ ?
€T, RTNDT,, ARTNDT) only,? where T is the cemperature at the crack tip,



it is only necessary to determine these three parameters and K

to per-

form the analysis. Values of ARTNDT were calculated from Eq. (i), which
was obtained by combining Fqs. (1) and (2).

ARTNDT = ARTNDTg e~0.0025ka | (3)

The complete analysis for obtaining (RTNDTS)c was performed with the
computer code OCA-II.20 which accepts as input the downcomer-coolant-

tcmperature and primary-system-pressure transieats and automatically
searches for (ARTNDT_ ) .

For some OCA'si C(ARTNDTS)C corresponds to incipient f{initiation
followed by crack arrest and no reinitiation, as shown iIn Fig. 4
(assuming WPS to be ineffective). However, increasing ARTNDTs will
eventually result in failure (no arrest), and the corresponding minimum

value is (ARTNDT )c . For other OCA's, (ARTNDT )ci = (ARTNDT )cf -
cause, as shown fn ;lg. 5, there is no arrest fofloving initiagion of a

shallow flaw. This latter situation tends to be typical of high-
pressure transients and the former of low-pressure transients.

The sets of critical-crack-depth curves in Figs. 4 and 5 include
the locus of points for constant values of K;. This allows one to
determine if arrest take:ﬁplace at or below the specified maximum value
for K, (220 or 330 MPa VYm for these studies); in Fig. 4 it does and in
Fig. it does not. [The initiation and arrest curves in Figs. 4 and 5
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were extended beyond points corresponding to existing maximum values for

and K;  (~200 MPa /m) using the Kio and K,  equations in Ref. 9 for
extrapolatfbn purposes; thus, the extenalons of the initiatioan and
arrest curves beyond these points are fictitious to some extent but
nevertheless allow one to apply different upper-shelf toughness values
when using the critical-crack-depth curves to evaluate flaw behlvior.]

The existence of two Initiatfon loops (locus of points for K

in Figs. 4 and 5 suggests that for the purpose of calculating

(XiTNDT )c a reasonable range of depths for initial flaws should be
speclfted. Based on statistical analyses?! of actual flaw depths, the
maxiwum critical depth for the initial flaw was limited to ~30 mm (a/w =
0.15).
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4. PATIONALE FOR SELECTION OF FLAW TYPES

As mentioned in the introduction, the flaws that tend to have the
greatest potential for deep penetration are those in the axial welds of
a plate-type vessel., As shown in Fig. 6, the axial welds of ad}acent
shell courses are staggered so that the length of a continuous axial
weld region 1is no greater than the height of a shell course. If the
concentration of copper in the weld is high compared to that in the base
material, it is not likely that crack propagation will take place out-
side of the weld reglon. Thus, the length of an axfal flaw would be no
greater than the height of a shell course, which in some reactor vessels
is ~2 m.

Shallow flaws with a length of 2 m are effectively infinitely long.
However, recent calculations? indicate, as {llustrated in Fig. 7, that
rather deep, semielliptical, 2-m-long flaws (a/w > 0.4) have maximum K
values, during a typical postulated OCA, that are substantially less
than those for infinitely long flaws of the same depth. This indicates
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a greater tendency for arrest of the 2-m flaw, and since the analytical
capabilities are now avallable for {including such flaws in the OCA
analysis, axially oriented semielliptical flaws with a length of ~2 m
were included in OCA-II.

Initial flaws presumably would be much shorter than 2 m, and under
thermal-shock loading conditions the shorter a flaw of a given depth the
greater the potential (within limits) for crack initiation. However,
rather than growing deep, the short flaw tends to grow in length and,
barving dynamic effects, will not grow radially until a fluence greater
than that necessary for incipient initiation of a 2-D flaw {s achleved.
Thus, barring dynamic effects, selection of a 2-D flaw for the first
{nitiation event would tend to be conservative, but the degree of con-
servatism would depend upon the actual or most-probable length of the
initial flaw.

Once the short flaw initiates, propagation tends to be governed by
dynanic rather than static toughness. Conceivably this could reduce the
critical fluence for radial propagation below that for a 2-D flaw, in
which case the use of a 2-D flaw I{n the model for the first initiation
event would not be conservative. This tendency increases with increas-
ing length of the {initfal flaw, but with {increasing length the dif-
ference in critical flucnce between the finite-~length and 2-D flaws de-
creases.

The problem associated with the finite~length initial flaw {s quite
complex, involving a changing crack shape and detalls of the transient.
At this time there does not appear to be adequate technical justifica-
tion for selecting any particular shape and size of initial flaw other
than an effectively infinitely long (2-D) flaw for the inftial initia~-
tion event, and thus a 2-D flaw was iIncluded in these studies for the
initial flaw. However, since other investigators have included the 6/1
flaw in their OCA studies, the 6/1 flaw was also Included in this study
as an initial flaw.

For both the 2-D and 6/1 initial flaws it was assumed that once the
crack initiated it immediately became a 2-m-long semielliptical flaw,
and the first arrest and subsequent events for axially oriented flaws
were calculated using the 2-m flaw.

Radial propagation of the 6/1 and 2-m flaws was assumed to be
governed by the K;, K; and K; values at the deepest point (midlength)
of the flaw. This is a reasonable assumption for the 2-m flaw since it
cannot grow in length. However, the assumption tends to result in an
underestimation of the potential for radial propagation of the 6/1 flaw
because as the flaw grows in length K /K!c at the deepest point in-
creases, approaching that for a 2-D flaw. A reasonable alternative
would be to use the maximum value of K /KY on the crack front, provided
that it was less than that for a 2-D flaw; otherwise, use the 2-D value.
However, because of the added computational complexity this alternative
was not Included for the study discussed hereln.

Arguments can also be made for {imposing limits on the length of
circumferential flaws, not because of restrictions on the length of the
welds but because of an azimuthal varlation in the fluence, as 11lus-
trated in Fig. 6. Since this makes the problem very plant specific, no
attempt was made to limit the length of the circumferencial flaw In
accordance with the azimuthal varfation in fluence, Instead, the study
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included both 2-D and 6/1 flaws for the initial initiatfon and only 2-D
flaws for the first arrest and subsequent events for the clrcumferential
direction.

A complete evaluation of the circumferential flaw was not conducted
for this study; rather, the circumferential flaw was included only to
the extent of determining whether it might have a lower value of
(RTNDT )cf than the (6/1, 2-m) axial flaw combination. Of course, a
deterlznatlon of which flaw 1is actually limiting depends not only on
relative values of (RTNDTs)cf but also on relative values of the fluence
and the concentrations of copper and nickel. Once again this makes the

problem plant specific and thus beyond the scope of this report.
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5. ANALYSIS OF SEVERAL OCA'S

The results of a previous study!! that considered only 2-D flaws
indicated that changing from 2-D to 2-m flaws for crack arrest would not
necessarily result in an {increase in (RTNDTS)cf for all postulated
OCA's. As mentioned earlier, tor primary-system pressures above some
critical value p_., (RTNDT_) = (RTNDT_ ).,, a condition depicted {in

c s’cf %‘c N
Fig. 5. For pressures less than Pes @ igher value of RTNDT_, 1is re
quired for failure than for 1incipient initiation; that 1is, tge crack
will arrest following incipient initiation and will not reinitiate, as
shown in Fig. 4. For this case it was apparent that replacing the 2-D
axial flaw with a 2-m flaw (for crack arrest) would increase Po» and
that only for pressures less than Pe would the change in flaw type re-
sult in an increase in (RTNDTs)cf. ‘A point of interest was whether p,
would be high enough relative to expected pressures during OCA's for the
change in flaw type (2-D to 2-m) to have a significant effect on vessel
integrity.

A quantitative evaluation of the effect of the different assumed
flaw types on vessel integrity was obtained for the present study by
comparing values of (RTNDTs)cf for several postulated OCA's and for the
Rancho Seco transient that occurred in 1978 (see Fig. 8). The postu-
lated transients consisted of a constant primary-system pressure, p, and
a temperature transient defined by

nt

T =T, ¢(% =T} : (4)

where

downcomer coolant temperature,

initial temperature of vessel wall and coolant,
final (asymptotic) temperature of coolant,
decay constant,

time in transient.

3
”~
"B B B |

The duration of the transient, thax» ¥As varied to determine the sensi-
tivity of vessel integrity to tgls parameter. Input data for the
various cases calculated are summarized in Table 2.

Calculated values of (RTNDT_ ) .. for the (2-D, 2-D) axial flaw com-
bination are presented in Fig. 4, d the increases resulting from re-
placement of the (2-D, 2-D) combination with the (2-D, 2-m) and (6/1,
2-m) combinations are i{llustracted in Figs. 10 and 11 for T, = 66 and
121°C, respectively. As indicated by Figs. 10 and 11, there can be an
advantage assocfated with the 2-m flaw, and as expected it decreases
with increasing pressure. The critical pressure, p_., (the maximum pres-
sure for which the 2-m flaw has an advantage over the 2-D flaw) ranges
from ~7 MPa for thax = 120 min to 17.2 MPa for t__ = 45 min, indicating
a greater advantage of the 2-m flaw for a shorter duration of the tran-
sient, although, as indicated in both figures, there can be a small re-
versal of this trend for some combinations of toax and (Kla)n.x' The

results also show that the advantage of the 2-m flaw is greater for a
(Kiadmax Vvalue of 330 than 220 MPa /m, provided thax 18 somewhat less

cf
an
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Fig. 8. Rancho Seco 1978 OCA coolant-temperature and pressure
transients (smoothed).

than 60 min, and provided that th: pressure is greater than ~10 MPa.

For t .. 2 60 min, there is no effect of increasing (Kla)max from 220 to
330 MPa vYm.

From a quantitative point of view, the advantage in replacing the
(2-D, 2-D) flaw combination with the (2-D, 2-m) combination for Tg =
121°C and p = 10 MPa corresponds to an increase in (RTNDT )c of 76, 31
and 0°C for tg.y = 30, 45 and 260 min, respectively, and tge increace is
independent of the value of (K;.) .  (220-330 MPa /:). At a pressure of
17.2 MPa, there is no advantage except for tg,, = 30 min and (Kiz)max =
330 MPa ¥m, and for this case the incresse in (RTNDT )og 18 ~34°C,

As shown in Figs, 10 and 11, replacement of éhe 2=D initial flaw
with the 6/1 flaw increases (RTNDTB)cf for pressures that are greater
than a value that is a little less than p_. For pressures greater than
this value the increase 1{s nearly independent of pressure, and 1is
greater for larger values of tg..; for tgo.. = 30 min the increase in
(RTNDT_) .¢ 18 ~6°C, and for tp,, = 120 min it is ~12°C,
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Table 2. 1Input data for OCA cases
calculated

Vessel dimensions, mm

oD 4800
D 4370
Tes °C 66, 121
- 288
n, min~} 0,15
:,m,“ min 30, 45, 60, 120
heo? Wemm2eocml 1870%4
P KPB 0"'7.2
RTNDT,, °C 189

puration of transient,
bﬂuld-fllu heat transfer coefficient.
"Correlponda to main pumps off.

dUsed for both Rancho Seco and
postulated OCA's,

A comparison of Figs. 10 and 11 indicates that the advantage of the
(2-D, 2-m) and (6/1, 2-m) flaw combinations over the (2-D, 2-D) combina-
tion is about the same for T, = 66 and 121°C, although there are some
significant differences for Eoan ® 30 min.

Estimates of the extension in calculated lifetime of a PWR pressure
vessel due to increases in .(RTNDT.)d can be obtained using Eq. (1) and
typical PWR fluence rates (F ). As an example, estimates corresponding
to a change in flaw combination from (2-D, 2-D) to (2=D, 2-m) were made
for a case in which T, = 121°C, n = 0.15 min~}, p = 10 MPa, RTNDT, =
~18°C, Cu = 0.3%, Ni = 0.8% and (Kyg)max = 220 MPa /m. The results are
presented in Table 3 for Coun * 30, 45 and 260 min and for the approx-
imate extremes in fluence rates among the existing PWR's (0.3 and
1.5 x 10¢® neutronsecm™2«EFPY~1), As shown in the table there is no ex-
tension of the lifetime for tg,y » 60 min, However, {f the 2-D inftial
flaw were replaced with a 6/1 flaw, there would be an extension for
tmax > 0 min of 9 and 2 EFPY for F, = 0,3 and 1.5 x 10!®

-2 -
neutrons*cm” “*EFPY™ ',

Analysis of the Rancho Seco transient described in Fig. 8 indicated
no increase 1in (nmm.)c, as a result of changing the flaw combinatfon
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Table 3. Estimates of the extension i{n calculated
vessel lifetime due to changing the assumed flaw
combination from (2-D, 2-D) to (2-D, 2-m)
(sample case described in text)

B 1ob AEFPY”
tux (RTNDT, )Cf Fo x 10 m
(min) £*C) (n/em?) °
0.3 [,
30 214 2.45 49 10
45 169 1.65 22 4
260 i38 0.98 0 0

values for (2-n, 2-m) flaw combination,

bInner-surf&ce fluence to achieve indicated
(RTNDT.)cf.

“Extension in vessel life due to change in flaw
combhination.

dgluence rate at inner surface (neutronsscm=2e
EFPY-1).

from (2-D, 2-D) to (2-D, 2-m). However, changing the combination from
(2-D, 2-D) to (6/1, 2-m) increased (RTNDT_ ) , by ~11°C,

Circumferential flaws were analyzed ’n similar fashion to the ex-~
tent of determining whether the circumferential flaw might have a lower
value of (RTNDT ). than the axial flaw. The comparison was made be-
tween the (2-D, 2-D) circumferential-flaw combination and the (2-D, 2-m)
axial-flaw combination, and for none of the cases considered was the
circumferential flaw limiting.

cf
a
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6. SUMMARY

For the purpose of evaluating the degree of conservatism in the
state-of-the-art fracture-mechanics model used for analyzing flaw be-
havior in PWR pressure vessels during overcooling accidents, the effect
of replacing the conventional two-dimensfonal flaw with specific finfte-
length flaws was investigated. In doing so, the sensitivity of this
effect to a specified maximum crack-arrest toughness and to the duration
of postulated transients was investigated.

One of the finite-length flaws was orfented in the axial direction
with a length equal to the height of a shell course (~2 m). This flaw
is of particular interest for plate-type vessels that suffer relatively |
high radiation damage in the welds since the length of a flaw in an
axial weld would tend to be limited to the length of the weld. The
other finite-length flaw was semielliptical in shape with a length-to-
depth ratio of 6/1,

Arguments were made for using an effectively infinitely long (2-D)
axial flaw for the initfal shallow flaw and using a 2-m-long (2-m) flaw
for the first arrest and subsequent events. An even less conservative
combination consisted of a 6/1 flaw for the first initiation event and
the 2-m flaw for subsequent events, For the circumferential direction a
6/1 flaw was used for the first initlation event and a 2-D flaw for sub-
sequent events. Using these several flaw combinations, including the
=D flaw for all events, critical values of RTNDT corresponding to ves=
sel faflure were calculated and compared to determine the benefit of
considering finite-length flaws.

The results indicate that the benefit in using the (2-D, 2-m) com- .
bination can be substantial and increases with decreasing primary-system
pressure, decreasing duration of the transient and by increasing the
limit on the crack arrest toughness. However, there are critical
pressures above which there may be no benefit, depending on the duration
of the transfent and the limit on crack-arrest toughness. The benefit
of using the 6/1 {initial flaw {in combination with the 2-m flaw is
limited to ~11°C and exists only at pressures above the critical
values. For high-pressure, long-duration transients such as the Rancho
Seco transient there (s no benefit in using the (2<D, 2-m) flaw
combination over the (2-D, 2-D) flaw.
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A continuing analysis of the pressurized Yatgr reactor pressurized thermal-shock problem

indicates that the previously accepted deg of conservatism in the fracture-mechanics
model needs to be more closely evaluated a if excessive, reduced. One feature that
was believed to be conservative was the uge ! two-dimensional as opposed to finite-

length flaws. The degree of conservatisy coulg not be adequately investigated because
of computational limitations and a lack Hf kno {edae regarding flaw behavior; however,
that situation has changed to the extenf that sd cases involving finite-length flaws
can be studied. A flaw of particular fnterest | one that is located in an axial weld
of a plate-type vessel, For those ve sels that sdffer relatively high radiation damage
'n the welds, the length of the flawdAwil) be no grégter than the lenath of the weld, and

recent calculations indicate that a Hepp flaw of th#g length (+2 m) is not effectively
infinitely long, contrary to previgls thinking,

The benefit to be derived from con ideration of the 2-§ flaw and also a semielliptical
flaw with a length-to-depth ratigfof 6/1 was investigafed by analyzing several postu-
lated transients. In doing so sensitivity of the bdgefit to a specified maximum
of the analysis indicate that fq some conditions the beMgfit in using the 2-m flaw is
substantial, but it decreases with increasing pressure, ald above a certain pressure

there may be no benefit, depen NG on the duration of the Yransient and the 1imit on
crack-arrest tOuggpess.
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