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ABSTRACT

As a part of the NRC effort to obtain a resolution to the PWR PTS issue a

probabilistic approach has been applied that includes a probabilistic frac-

ture-mechanics (PFM) analysis. The PFM analysis is performed with OCA-P, a

computer code that performs thermal, stress and fracture-mechanics analyses

and estimates the conditional probability of vessel failure, P ( F | E ) , using

Monte Carlo techniques. The stress intensity factor (Ky) is calculated for

two- and three-dimensional surface flaws using superposition techniques and

influence coefficients. Importance-sampling techniques are used, as neces-

sary, to limit to a reasonable value the number of vessels actually calcu-

lated.

Analyses of three PWR plants indicate that (1) the critical initial fla\*

depth is very small (5—15 mm), (2) the benefit of warm prestressing and the

role of cra;k arrest are transient dependent, (3) crack arrest does not occur

for the dominant transients, and (4) the single largest uncertainty in the

overall probabilistic analysis is the number of surface flaws per vessel.
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I. INTRODUCTION

The pressucized-thermal-shock (PTS) issue is concerned wi,h the possibil-

ity of failure of a pressurized-water-reactor (PWR) pressure vessel as a re-

sult of the combined effects of (1) pressure and thermal-shock loadings,

(2) radiation damage to the vessel material, and (3) the existence of a sharp,

crack-like defect (flaw) on the inner surf.-ce of the vessel. Thermal .ihock is

a major contributor to the possibility of failure because it can result in

relatively high tensile stresses and a reduction in fracture toughness nt.-ir

the inner surface, where the radiation-induced reduction in fracture tougV;:\ass

is the greatest; this combination of conditions introduces the possibility oi.'

initiation (incipient propagation) of very shallow inner-surface flaws.

The PTS issue has been under investigation for many years, ~° and the ef-

fort was accelerated when it was recognized that (1) the presence of copper (a

tramp element) and nickel (an alloying element) enhance radiation damage,

(2) existing PWR vessels may have "high" concentrations of these elements, and

(3) a number of PWR PTS-type transients had already occurred. A preliminary

generic analysis7 of the Rancho Seco transient of 19788 indicated the pos-

sibility of vessel failure, given the necessary ingredients, long before nor-

mal end of plant life, and the Nuclear Regulatory Commission (NRC) declared

PTS an unresolved safety issue (December 1981).
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Most of the early PTS analyses were of a conservative, deterministic

nature; that is, a very severe PTS transient was assumed, high concentrations

of copper and lower-bound fracture-toughness data were used, warm prestressing

was ignored, and flaws of appropriate size were assumed to exist. Unfortu-

nately, the results of such calculations indicated that very shallow flaws,

which are difficult to detect, could lead to vessel failure before normal end

of plant life.7

Even though the above analyses predicted premature failure, it was gen-

erally believed that because of the "conservative" nature of the analytical

approach the probability of failure was actually very small. In an effort to

obtain a better understanding of the nature and magnitude of the problem, the

NRC proposed the development of a comprehensive probabilistic approach and es-

tablished the Integrated Pressurized Thermal-Shock (IPTS) Program for this

purpose (May 1981).

The IPTS effort included (1) the postulation of PTS transients for three

specific PWR plants, (2) an estimation of their frequency of occurrence, (3) a

systems analysis to determine the primary-system pressure, downcomer coolant

temperature and fluid-film heat-transfer coefficient on the inner surface of

the vessel, and (4) a probabilistic fracture-mechanics analysis that uses the

information from item 3 as Input. Item 4 provides an estimate of the condi-

tional probability of vessel failure, P(F|E), and this can be multiplied by

the frequency of the corresponding transient, <p(E), and the product summed

over all postulated transients to obtain the total frequency of failure, <j>(F),

for a specific plant; that is,

< j > ( F ) = I <|> ( E ) P ( F | E ) . . . ' • > • ' • > ^• •- ' . . . • ' - . . - . * . » , Q )
n n x •- ^

n



The Individual products, 4>n(E)P (F|E) in Eq. (1) are of interest because

they define the order of dominance; that is, they indicate the extent to which

a transient contributes to <HF) for a specific plant. The dominant transients

might then be used in place of the "worst conceivable" for & less conservative

deterministic fracture-mechanics analysis, if this "engineering" approach were

tueferred to the Jirect application of if(F). In airher case, it Is necessary

Co cilculate P(F|E), and the development and application of a method for doing

this In connection with the PTS issue is the primary subject of this paper.

2. PROBABILISTIC FRACTURE-MECHANICS MODEL

The probabilistic fracture-mechanics model developed for the IPTS program

is included in the OCA-P9 computer code, which accepts coolant-temperature,

heat-transfer-coefficient and pressure transients as input and performs one-

dimensional thermal and stress analyses for the vessel wall, fracture-

mechanics analyses for two- and three-dimensional flaws, and a probabilistic

analysis.

2.1 Fracture Mechanics Model

2.1.1 Stress Intensity factor

The fracture-mechanics model in OCA-P it, based on linear elastic fracture

'ancT:mechanics (LEFM), and this allows the stress intensity factor (K-,-) to be

calculated using superposition techniques in conjunction with influence coef-

ficients, which are calculated with fInlte-eldraent techniques.10 The appli-

cation of this procedure makes it possible to perform a large number of deter-

ministic fracture-mechanics calculations at reasonable cost, a necessary

condition for performing the probabilistic analysis. (Results of thermal-

shock experiments conducted with large, thick-wailed steel cylinders indicate

that LEFM is applicable for the problem at hand.11)



2.1.2 Fracture toughness

Material properties required for the fracture-mechanics analysis include

the static crack initiation and arrest toughness values (Kjc and K-j-a) and the

nil-ductility reference temperature (RTNDT). For the probabilistic fracture-

mechanics analysis, mean values of these parameters are required, and they

were obtained for the vessel material as follows:

K = 1.43 (36.5 + 3.08 exp [0.036(T - RTNDT + 56)]}, MFa A\ , (2)

K =• 1.25 {29.5 + 1.34 exp [0.026(T - RTNDT + 89)]}, MPa /in , (3)

La

where the quantity in braces represents the ASME Section XI ̂  lower-bound

toughness value, and T is the temperature at the tip of the flaw in °C. These

expressions were obtained by letting the ASME lower-bound curves represent the

mean values minus two standard deviations (2a) and by letting
a. . = 0.15 K. and afu, . = 0.10 K. .
(KIc) Ic (KIa) la

In many cases, if crack arrest takes place, it must do so at or close to

upper-shelf temperatures. Crack arrest under these conditions is not well

understood but has been included in an approximate manner by specifying a max-

imum value of K, that corresponds to the upper portion of an upper-shelf

tearing resistance curve. As illustrated in Fig. 1, which is a plot of K-, vs

depths(-:afr-*and'•tompgratm^-=4!^ at a specific time in a PTS transient, if
O./ur

the load line (KT vs «j&f) intersects the KT̂ , curve at K- < (KT ) , upper-

shelf temperatures are not encountered. If, on the other hand, the load line

misses the rising portion of the Kj curve and then decreases, as it does for

some transients, there is, according to the model, a possibility of crack

arrest at upper-shelf temperatures.

The tearing-resistance curve selected for the IPTS study represents a

specific high-copper, low-upper-shelf, PWR-vessel weld material that had been



irradiated to a fluence of -1.2 x 1019 neutrons/cm2 at a temperature of ~290°C

and tested at 2OO°C.13 The upper, nearly flat portion of this curve corre-

sponds to a Kj value of ~220 MPa fin, and this value was used for (Kia)maxi
 Kj

was obtained using the relation

K = /JE~ , (4)

where

J = strain energy release rate,

E = Young's modulus.

The nil-ductt l i ty reference temperature (RTNDT) is equal to the sum of an

ini t ia l value (RTNDT ) and an increase due to radiation damage (ARTNDT); that

i s ,

RTNDT = RTNDTQ + ARTNDT . (5)

The correlation us<ad in the IPTS studies for the mean value of ARTNDT was

essentially the same as that used in a preliminary NRC evaluation of PTS14 and

is

ARTNDT = 0.56 [-10 + 470 Cu + 350 Cu Ni] (F x 10"19)°"27, °C (6)

or

ARTNDT = 0.56 [283 (F x 10~19)°*i94 - 48], °C (7)

whichever is smaller, where

F = fast-neutron fluence (energy > 1 MeV), neul:rons/cm2,

Cu, Ni = concentrations of copper and nickel, wt %.

The attenuation of the fluence through the wall of the vessel was approx-

imated with

F = Fo e-0



where F is the fluenca at the inner surface of the vessel and a is the crack

depth in mm. The specific value of the coefficient in the exponent accounts

to some extent for the effect of space-wise spectral changes on radiation

damage.ll+

The fracture-toughness properties of the cladding material are very un-

certain and are known to be dependent on the cladding-application process.

The few experimental data that are available indicate that the radiation-

induced reduction in fracture toughness can be similar to that for the base

material.1-* As an expediency, which may or may not be conservative, it was

assumed that for times of interest in the life of a vessel the cladding would

have essentially the same fracture-toughness properties as the base material.

2.1.3 Warm prestressing

Fracture toughness is load- and temperature-history dependent, and some

of the histories encountered in the IPTS studies result in fracture-toughness

values greater than Kj . For instance, when K < 0, a crack will not propa-

gate,11*16 and, if following a period of K < 0 the stress intensity factor

once again increases with time, the critical value of K, may be substantially

greater than K-£C.
ie These phenomena are generally referred to as warm pre-

stressing (WPS) and can have a significant effect on the potential for crack

propagation during a PTS transient. OCA-P includes certain WPS features.

However, because of uncertainties regarding details of load histories for pos-

tulated transients, there was reluctance to take advantage of WPS in the IPTS

studies except for special cases where, following a loss of pressure, repres-

surization, and thus an increase in K-r, would not be possible (primary-system

pipe breaks, valve failures, etc.).



2.1.4 Flaws

The region of the vessel of greatest concern with regard to PTS tran-

sients is that located between the ends of the core, where the fluence, and

thus radiation damage, are substantially greater than elsewhere. Within this

region, the vestals included in the IPTS studies are composed of sections of

plate that are joined together with both axial and circumferential welds, as

shown in Fig. 2. After the sections are joined, the inner surface of the com-

posite cylinder is clad with ~5 ram of stainless steel.

The flaws of interest are surface cracks that extend through the cladding

Into the base material. Such flaws may be the result of the cladding process

and thus could appear in piite sections as well as the welds that join the

plates. In this regard, the plate region could contribute more to the prob-

ability of vessel failure than the welds because of the possibility of many

more flaws in the plate. On the other hand, for many vessels the concentra-

tion of copper is substantially higher for the welds, while the concentration

of nickel is about the same for the plates as for the welds. Thus, it is

necessary to consider both the plate and weld regions, and these basic regions

can be subdivided in accordance with possible variations in the combinations

of FQ, RTNDTO, Cu, Ni, and flaw density (N).

As indicated in Fig. 2, both two- and three-dimensional surface flaws are

included in OCA-P and were considered for the IPTS studies. Because of a ten-

dency for short and shallow flaws to extend on the surface to effectively be-

come long, shallow flaws,11.17 all initial flaws for the IPTS studies were

assumed to be two dimensional. The surface length at arrest and for subse-

quent initiation-arrest events was specified as ~2 m (height of shell course)

for axial flaws in high-copper axial welds, and was considered to be effec-

tively infinite for all circumferential flaws and for axial flaws in plate

regions (assuming low-copper plate).



The 2-m-length flaw was specified for deep axial flaws (a/w > 0.2) be-

cause an axial flaw in a high-copper axial «eld is not likely to extend beyond

the end of the w&ld into low-copper plate material (see Fig. 2), and because

K-r values for a deep flaw of this length are substantially less than for a 2-D

flaw.18 An infinite length was selected for circumferential flaws because

circumferential welds are continuous (Fig. 2), and the azimuthal variation in

fluence generally Is not large enough to justify otherwise. Offsetting this

particular difference between circumferential and axial flaws, however, is a

tendency for circumferential flaws to have lower values of Kj because of lower

pressure stresses and a smaller deep-flaw bending effect.11 Propagation of

all flaws was judged on the basis of the K ratios (Kj/Kj , K-j-/KIa) at the

deepest point of the flaw.

2.1.5 Cladding

OCA-P treats cladding on the inner surface of the vessel as a discrete

region to the extent that thermal and stress effects are included. The effect

of cladding on the surface extension of a flaw is not known and thus not in-

cluded.

2.2 Probabilistic Model

2.2.1 Basic concept

The OCA-P probabilistic model, which is similar to that developed by

Gamble and Strosnider,19 is based on Monte Carlo techniques; that is, a large

number of vessels is simulated, and each vessel is then subjected to a frac-

ture-mechanics analysis to determine whether the vessel will fail. Each ves-

sel is defined by randomly selected values of several parameters that are

judged to have significant uncertainties associated with them. The calculated

probability of vessel failure is simply the number of vessels that fail



divided by the total number of vessels generated. Tt constitutes a condi-

tional probability of failure, P ( F | E ) , because the assumption is made that the

PTS transient (event) takes place. A logic diagram summarizing the various

steps in the OCA-P probabilis.ic analysis is shown in Fig. 3.

2.2*2 Parameters simulated

Parameters simulated for the 1PTS studies were crack depth (a), fast neu-

tron fluence (F), concentrations of copper (Cu) and nickel (Ni), crack-

Lnitlacio-. toughness (K. ), crack-arrest toughness (K T a), RTNDTQ and ARTNDT.

Normal distributions ^ere assuned for each of these parameters except the

crack depth; standard deviations and truncation values used in the analysis

are included in Table 1.

As a cc••• .enience, but at the expense of introducing some additional un-

certainty in the estimation oi 4>(F), RTNDT (the value of RTNDT at the inner

surface) can be used as an indepe ident vari; 1 a. in j.leu of F , Cu, Ni and

RTMDTQ. To do this, Eq, (7) is ignored, and Eq. (6) is combined with Eq. (8)

to obtain

ARTNDT(a) = ARTNDTs -f-0.0025 a ? (9)

where ARTNDT(a) is the value of ARTNDT at the tip of the flaw. Assuming a

nominal value of RTNDTQ and combining Eq. (9) with Eq. (5) allows one to use

Eqs. (2) and (3) directly without ha'/ing to specify F , Cu and Ni.

When using RTNDTg as an Independent variable, an appropriate distribution

function must be developed. For the IPTS studies this was done by performing

a Monte Carlo analysis with Eq. (6), in which case F and Cu were simulated,

and different values of F , Cu and Ni were included. Based on this analysis,

a normal distribution with la = 0.14 ARTNDT was selected for ARTNDT . The

s
additional uncertainty mentioned above is the result of the distribution and



thus P{F|E) being a function of F , Cu and Ni, particularly Cu. Furthermore,

for a given value of RTNDT, V(F|E) is somewhat sensitive to the value of

RTNDT . The standard deviation selected for ARTNDT was based on Cu = 0.25 wt %,o

and when RTNDT was used as an independent variable, —18°G was selected for

RTNDTO.

2.2.3 Flaw density

The number of flaws in a specific region with a depth in a specific range

of crack depths £a is given by

N (AaJ = N.A, / f(a)B(a)da ,
3 i 3 j J

(10)

where

N. = number of flaws of all depths per unit surface area of e-specif-i-G

region,

A. = surface area of the specif-iG region,

f(a) = flaw-depth density function,

B(a) = probability of nondetection.

The parameters N, and f(a) pertain to vessel conditions prior to preservice

inspection and repair, and B(a) is derived on the basis of repairing or other-

wise disposing of all detected flaws.

The value of N. and the function? f(a) and B(a) are not well known be-

cause most of the available inspection data do not pertain to surface flaws

that extend into and through the cladding of a PWR pressure vessel. For the

IPTS studies the functions f(a) and B(a) were those suggested in the Marshall

Report20 and are as follows:

f(a) = 0.16 e"0-16 a, mm"1, (11)

B(a) = 0.005 + 0.995 e"0'113 a , (12)



where

a = crack depth, ram ,

w

f(a)da = 1 *

o
/

2-2.4 Conditional probability of vessel failure

The calculated probability of vessel failure must include the contribu-

tions from ail regions of the vessel. For P.(FJE) < 0.1,

P(F|E) = Z_j P.(FJE) . (13)
J

The total number of flaws per region is

w

n = N A / f(a)B(a)da , 14)

and when n • K_ 1,

= P n , (15)

" Nfi
where P = —rJ-

J vj

N' = number of vessels, with a flaw in the jth region, that failtf,

N'. = number of vessels simulated with a flaw in the jth region.

When n. > 1,

n (n - 1) „ ,N^(n. - l)(n. - 2) x
P.(F|E) = njPj - - L - i P 2 + > J .1 ^ J _ £ 3 _ , . ( 1 6)



It is apparent that Eq. (x5) is also appropriate with n. > 1, provided that

2.2.5 Importance sampling

For very small values of P(F|E)X, the values of N'. required to achieve

reasonable accuracy becomes quite large. Under some circumstances the value

of N'. can be reduced by using importance sampling techniques.21 For the IPTS

studies this was done by eliminating flaw depths that did not contribute sig-

nificantly to initiation and by sampling only the tails of the distribution

functions for other simulated parameters. The portion of the distribution

function not sampled is accounted for by multiplying the number of simulated

vessels, !;•".„ by a correction factor. Equation (5) then becomes

w

f(a)B(a)da , (17)P(F|E) =2JnFL"NjAj /
j k

where

Fj. = correction factor for kth simulated parameter.

Values of F^ are a function of the points on the distribution curve at

which sampling is started and stopped (truncation point). For the IPTS stu-

dies, when importance sampling was used for the flaw-^jpth density function,

only the first flaw-depth increment was omitted. Thus,

Ffe ^ulaw depth density) = = 3.24 .

Aai
f(a)B(a)da

Table 2 includes values of F. for several different starting points on a nor-

mal distributing curve that is truncated at 3a.

For the IPTS studies, importance sampling was applied to three simulated

parameters, including flaw depth, and for many cases the starting point on the



normal dis t r ibut ion curves was 1.25a. Thus, T1F = 300, nich represents a
k k

significant savings in computer costs for the sar.j. ar uracy in P(F|E)).

2.2.6 Statistical error

The minimum number of simulated vessels re ;uired to satisfy a specified

accuracy is estimated by applying f.he centrr limit theorem.21 Using this

approach, and—apeci-fying—a 95% confidence." Javel-yields

P.

•* M ft J+

J_NjAi r
IIF /, k.i Jk o

f(a)B(a)da ± (18)

where

1/2 w

f(a)B(a)da . (19)

The values of a corresponding to a l l of the vessels simulated is

p(F|E) :
j J

and the e r r o r , e . , associa ted with the j t h region i s

o
•K-96 a. nF

K

P. N.A. - / f(a)B(a)d£
3 J J o

(20)

(21)

For P, « 1,

c - 1 l X 1 / 2 '"• / l \1/2

\ - 1.96 rrr-)
1 *'

(22)

The total error, e, considering all regions of interest is



P NV w (23)

It is of interest to note (Eq. 22) that the error fot a single

region, E., is only a function of N' . According to Refs. 22 and 23, for the

estimate of e. to be "reasonably" accurate, N^ should be greater than 5 (Ref.

22) or perhaps 9 (Ref. 23).

2.2.7 Failure criteria

After an appropriate number of vessels has been simulated, each vessel is

subjected to a fracture-mechanics analysis to determine if failure will occur

during a particular transient at a specific time in the life of the plant.

For the IPTS studies, failure was assumed to occur if, following an initiation

event (Kj = Kj c at deepest point of flaw), Kj remained greater than Kj up to

or beyond the point at which plastic instability occurred in the remaining

ligament (Fig. 1). Thus, failure was defined as thcuyugh-wall cracking, which

does not necessarily imply an inability of the vessel to retain sufficient

coolant to cover the core. The consequences of through-wall cracking are

evaluated in a separate study.21t

3. PLANTS INCLUDED IN IPTS STUDIES

Three nuclear plants (Oconee-1, Calvert Cliffs-1 and H. B. Robinson-2),

each one representing a different nuclear vendor and utility, were selected

for the IPTS studies. In addition, one hypothetical reactor vessel (HBR-HYPO)

was included for the purpose of more appropriately illustrating the prob-

abilistic fracture-mechanics methods of analysis. Information pertaining to

these plants and their reactor vessels is provided in Table 3, and a typical

set of pressure and temperature traraients for a rather severe transient Is

shown in Fig. 4.



4. TRENDS DEDUCED FROM IPTS STUDIES

It is not the intent of this paper to discuss in detail the results of

the IPTS studies (preliminary results are included in Refs. 25-27). However,

some of the fracture-mechanics—oriented trends should be mentioned.

4.1 P(F|E) VS Effective Full-Power Years (EFPY)

Because of the accumulative effect of radiation damage [Eqs. (6) and

(7)], P(F|E) increases with reactor operating time and thus with RTNUT, as in-

dicated in Fig. 5 for the transient in Fig. 4. It is of interest to note that

£or this particular transient increasing RTNDT from 40 to 100°C increases

P(FJE) by a factor of more than 101'.

4.2 Relative Contribution of Plate and Weld

As indicated in Table 3, for Oconee-1, Calvert Cliffs-1, and HBR-HYPO,

RTNDT for the plate region is much less than for the dominant axial weld, but

the area of the plate is much greater than for the welds. The net effect,

assuming the same flaw density (N_.) for all regions, is that the axial weld

included in Table 3 is the dominant contributor to P(F|E))^ For HBR-2 the

plate region has the largest value of RTNDT as well as area and thus is the

dominant contributor to P(F|E).

4.3 The Role of Crack Arrest

Crack arrest can take place and prevent failure of the vessel, if the

primary-system pressure is low enough, in which case the value of (KT ) in-

fluences P(F|E). 2 7 However, for high-pressure transients, such as that illus-

trated in Fig. 4, crack arrest does not take place, irrespective of the value

of (KT3^ra^x'
 b e c a u s e Kx l s m o r e sensitive to crack depth than K-, is. Thus,



the role of crack arrest is dependent on which transients are dominant, that

is, which ones contribute the most to <j)(F). For the IPTS studies the dominant

transients were high-pressure transients. Therefore, the value of CKj a) m a x

used in the studies was not critical.

4.4 Time of Events, Duration of Transiant and
Warm Prestressing (^ < oT

The time in the transient at which most events take place is transient

dependent, and the effects of WPS and of the duration of the transient are de-

pendent on the time of the events. This is illustrated in Fig. 6, which is a

histogram of percent failures vs time of failures for two Oconee-1 dominant

transients') indicating the L'.I. e for each transient at which K, - 0 (incipient

warm prestressing). For both transients the time of incipient WPS is early in

the transient (20—30 min), and K is less than zero for the remainder of the
1 (C-G)

2-h transients. Ignoring warm prestressing, failure for one transient,!occurs

much later, in which case the inclusion of WPS would eliminate all indicated

failures. For the other transient," about one half of the failures occurred

before incipient WPS.

The factors by which P ( F | E ) , for the five most dominant transients, and

<f>(F) are rediiced by the inclusion of WPS are indicated ir. Table 4. It is

apparent that although the benefit may be large for sorce individual tran-

sients, it may not be very large for <)>(F), depending on which transients are

dominant.

4.5 Critical Flaw Depths

Most of the initial flaws that resulted in failure were very shallow

(5~15 mm), and most of these resided entirely within the cladding. Such flaws

are difficult to detect, and thus essentially no data regarding ':l.va surface



density are available. As a result, the uncertainty in N. and thus P(FJE) and

()>(F) is quite large. As a part of the IPTS studies, the uncertainty factor

for <t>(F) was estimated to be ~103, and the single largest contributor to this

uncertainty was Ni.

5, DISCUSSION AND :StH©tKRY

A probabilistic fracture-mechanics mo (.'el was developed as a part of the

NRC Integrated Pressurized Thermal-Shock Program to help resolve the PWii pres-

surized-thermal-shock issue. The model Is based on linear elastic fracture

mechanics and considers both two- and three-dimensional flaws. Monte Carlo

techniques are used to calculate the conditional probability of vessel fail-

ure, and importance sampling is used to reduce the number of vessels that must

be simulated.

The flaws of concern are those that extend from the inner surface Into

and through the cladding, and it was found that very shallow (5—15 mm) flaws

were responsible for most of the calculated failures. Because essentially no

inspection data are available for such flaws, the number of these flaws per

vessel is the single largest uncertainty in the analysis.

The cladding is included in the thermal and stress analyses, but because

of a lack of radiation-damage data, it is assumed that the cladding will not

prevent surface extension of the initially short and shallow flaws. If sur-

face extension is Impeded by the cladding, the calculated probability of fail-

ure will be much less. (The actual effects of cladding are under Investiga-

tion.1*,29)

The benefit of warm prestressing (K < 0) was investigated and was found

to be dependent on the transient. Thus, the effect on the overall frequency

of failure Is dependent on which transients are dominant. For one of the



nuclear plants considered, the inclusion of warm prestressing reduced the fre-

quency of failure by only a factor of 5. For another the factor was ~100.

(WPS,effects with K > 0 are under investigation.30)

Crack arrest will prevent vessel failure for low-pressure but not high-

pressure transients. These latte; transients are the dominant contributors to

the frequency of failure. Thus, to reduce the frequency of failure it is

necessary to prevent propagation of the initial shallow flaws. (Crack-arrest

behavior at elevated temperatures is also being investigated.20)
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Table 1. Parameters simulated in OCA-P

Parameter

Fluence (F)

Copper

Nickel

RTNDTQ

ARTNDT0

ARTNDT^

Klc

Kla

Standard12

deviation
(a)

0.3 p(F)

0.025%

0.0

9oci

l3°Cb'C

0.14 y(ARTNDT)^

0.15 w(KIc)

0.10 y(KIa)

Truncation

F = 0

+CA0

-

b

b

±3a

±3a

±3a

Normal distribution used for each
parametei*.

b r 2 2 I 1 / 2

°(RTNDT) " P (RTNI/i') + ° (ARTNDT) »
truncated at ±3a.L J

Accounts for uncertainty in correlation.

(̂ Accounts for uncertainty in Cu, Ni and
FQ when RTNDTg used as independent variable.



Table 2. Values of F. for a normal distribution
truncated at 3a

Start of sampling
(No. of standard
deviations ; >ove

mean)

Fraction of distribution
not simulated

1 .0

i .25

I .SO

1.75

2.00

2.25

2.60

2.7 5

0.8422

0,8054

0.0143

0.9611

0.9784

0.9891

0.9951

0.9983

6.3

9.6

15.2

25.7

46.4

91.7

204.1

588.2



Table 3. Information pertaining to nucle
included in IPTS studies

plants

Plant
Designer
Utility

Oconee-1
B&W
Duke Power

Calvert Cliffs-1
CE
BG&E

H. B. Robinson-2
Westinghouse
CP&L

HBR-HYPO

\

!

\

1

Region

Axial welda

Cir. welda

Plate

Axial welda

Cir. welda

Plate

Axial welda

Cir. welda

Plate

Axial welda

Cir. welda

Plate

Chemistry
Nl'
:'.>*.

0.29
0,26
0-12

0.21
0.24
0.12

0.22
0.19
0.12

0.22
0.22
0.12

, wt%

f ''••

0.55
0.61
0.60

0.87
0.18
0.64

0.04
0.80
0.10

0.80
0.80
0.80

RTNDT^
°C

-7
-7
4

-49
-62
-12

_ii9
-49

8

-18
-18
-18

Fc
/

1.1
0.9
1.2

6.1
6.1
6.1

3.2
2.0
4.2

3.2
2.0
4.2

Area
m2

0.2
1.0
50

0.12
0.64
50

0.14
0.46
50

0.14
0.46
50

RTNDT0

°C

97
84
46

90
46
55

24
39
49

99
85
48

aDominant weld region only.

Inner-surface fluence at 32 EFPY (maximum in region),

eInner-surface value of RTNDT at 32 EFPY.



Table A. Benefit of warm prestressing for
Oconee-1, Calvert Cliffs-1 and HBR-HYPO

Transient
(in order of
dominance)

1

2

3

5

Oconee-1

3

3

1

<10"3

x 10"!

<10~3

<10~3

x 10-1

x 10"1

Plant

Calvert Cliffs-1

P(F|E)WPS/P(F|E)

<2 x 1O~3

1

<1 x 10-2

1 x 10"!

<5 x io~l

2 x 10"!

9

<2

<2

<2

5

7

KBR-HYPO

x 10

x 10-3

x 10

x lO"3

x 10"2

x 10"3



ANALYSIS COMPARES Kj WITH Klc"

AND KIQ TO^FIND EARLIEST TIME OF FAILURE FOR

EACH-SIMULATED VESSEL -

t(
/ .
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CALCULATE K|c

• IIHTNDT IJ/W)
T IJ/W. 11.
K, ERRORI

NO

NO

CALCULATE CONDITIONAL
PROBABILITY OF FAILURE

OCJP -f



HBR-5.41

s ma euro-Q.23

8!

a-

3
a

?

I

L

*-:s5.:'<s:i r
£.1?. !2S3.. r . 1
.T .CCE" .

o.o iri.a zs.a 30.3 « .o sa.a . a 90.a IOO. a ua.a no.a

i
Figure 5T13. Downcomer coolant temperature," primary-system pressure,!jnd-fluid-fi]m-

heat-transfer coefficient vs time (Transieot=&22B).' '• . .

<=<•



63

1

, 1
j

_-

1 r ._.,

— ,

— ~ —

—„—

— —

—~r

SL

w
~£i?L

— - • —

— —

- — —

_ ~

— -_ . 1

- — — * — -

-.LLLT

—

•d
~.—

_ . J

1

h

. - . .

- - •

.

• • " " /
^

—

.. - _ ^

-

;

_ , , .

—1 *M,J?~

..: M l

, i : i

i i • •• i t

~L7

ILL::

: -_-a

---_. .-

r-!- rf -

r - - -

- " - ~ * *

. ^ _

- ' - — • -

— — —

I ! 1-

" —

- - / •

HO:.

r i ; 1

I

. ,

'{4~At.

.

— *—
— —

'

:LLL/

- /
' / • - •

if
Ln;
,.. _.

:r.:x

'-• t r

/C
J

/ -Hi.

-

i

j
/

f
......

• /

' /

• 1 ••

: / : :

/
1

' : • : : .

-J.V.

. . . -i:

i i-- ,

/ • —

• - - • •

: : *

-• '

(/o

_ ^ C

_ . ,_.

/

_ ^

/

f

• • • -

o.::
. .1...

- - •-

- .

i

CC'CS

. . . .

: x

• : : ' :

< - *

—

. . .

/

, i i

- • ^ '

• - — •

. _ . . .

• : ,

. 1

-.4- .i--l-(-

4 7 7 / 5 L

- •: --:

. • . (_

^ ^ t- i

- • • - J ,

1 • - •

. : , -

. . . _

i i i

. . . , - 1 -

i '"•

• * -t— i—

- ' t

• t !"

XD '• •

_

- - - - -

. „

• - : - -

- -••—r- :

. |_1_4__|_

L ' 4 i

— l..(.L

* * f *•

r t •'• t

'""' PT"'

. . '-L

' " [ j i

—t i- .

' •• EV

• •«- •

—

- . . . _

— _ _ _

— —

• r -

• • — — - •

. .

LILLL
-l-L44-

__L_LL
' * ' i

T

- - f —

t ,. .. :.

.;

—!——

i i | i -

—i—, i i—

; • ' I

, 1 1

1 • i

. — , .

..._„.

' " ' !.

- -—'>~~i—'*—

• •*—r—

, 1 ,

r-bizp

- l _ ' 1

•-r-f—
—1—^-t—|—

-Ll_i-L
I i ;

—l~i—[—
t
i

- i ' ; i •

4-LLX

ILTS

IS
/UU i



60 —

1 «

—was T.'t--1 —*' I

"i/ i>JP»f^J. l j

CO-H)

—' H
20 40 GO 60 100

TIME OF FAILURES Iminl

i / ' /^ ORNL WS-35623 EJD

,WPS (K, = 0) APPLIED TO DOMINANT TRANSIENTS MAY/REDOCE-
P(F|E) AND $(F) SIGNIFICANTLY

TRANSIENT
(IN ORDER OF
DOMINANCE) '--.,

PLANT

OCONEE-1

< 1 0 ' \
<2 X10~3

1

<ri x 10-2

<icr3

3X 1

x IO-

<5 X 1 0 -
\

1 X 10- 1 2X 10~1

HBR-HYPO

9X 10~3

<2X 10"3

"<2 X 10-3

<2 X10- 3

5X 10- 2

io - 3

i^5as&

J --̂

tesi


