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Abstract

The Nuclear Regulatory Commission (NRC) requested
Oak Ridge Nauonal Laboratory (ORNL) to perform a
pressurized-thermal-shock (PTS) probabilistic fracture
mechanics (PFM) sensitivity analysis for the Yankee
Rowe reactor pressure vessel for the fluences corre-
sponding to the end of operating cycle 22, using a spe-
cific small-break -loss-of-coolant transient as the loading
condition. Regions of the vessel with distinguishing
features were 10 be treated individually-—upper axial
weld, lower axial weld, circumferenual weld, upper plate
spot welds, upper plate regions between the spot welds,
lower plaie spot welds, and the lower plate regions be-
tween the spot welds. The fracture analysis methods
used in the analysis of through-clad surface flaws were
those contained mn the established OCA-P computer

Y

code, which was developed during the Integrated Pressur-
ized Thermal Shock (IPTS) Program. The NRC request
specified that the OCA-P code be enhanced for this study
10 also calculate the conditional probabilities of failure
for subclad flaws and embedded flaws. The results of
this sensitivity analysis provide the NRC with (1) data
that could be used to assess th relative influence of a
number of key input parameters in the Yankee Rowe
PTS analysis and (2) data that can be used for readily de-
termining the probability of vessel failure once a more
accurate indicaton of vessel embrittiement becomes
available.

This report 1s designated as HSST report No. 117.
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1 Introduction

Following the Oak Ridge National Laboratory (ORNL )
review! of the Yankee Awomic Electric Company reactor
pressure vessel evaluation report for the Yankee Rowe
reactor,? the Nuclear Regulatory Commission (NRC)
requested DRNL 1o perform a pressunized-thermal-shock
probabilistic fracture mechanics (PFM) sensitivity anal-
ysis for the vessel, using a specific small-break loss-of -
cooiant transient (SBLOCA--Case 7) as the loading con-
dition." Subsequent discussions regarding the details of
the methodologies 1o be used in performing the specified
analyses were held between members of the NRC staff
and ORNL staff in meeungs at Rockville, Maryland, on
March 22 and May 14, 1991.

*Mayfield, M_E., NRC, personel communication 1o W E. Pennell,
ORNL., February 15, 1991

The objective of this study was two fold: (1) provide the
NRC with results that could be used o assess the rela-
tve influence of a number of key input parameters in the
Yankee Rowe PTS analysis and (2) provide data that can
be used for readily esumating the probability of vessel
failure once a more accurate indication of vessel embrit-
tlement becomes available.

Thus report discusses the scope, ground rules, analyucal
methodoiogies applied, and the results.

NUREG/CR-5782
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2 Scope and Basic Ground Rules

The initial NRC request specified that ¢ A-P com-
puter code? be enhanced 10 calculate the . Jonal
probability of failure for subciad and embeaaed flaws as
well as for through-clad (surface) flaws. The NRC also
specified that the spatial varianon of fluence be consid-
ered 10 the extent practical, and ORNL modified OCA-P
to enhance this capability. All calculations were o be
performed for fluences corresponding to the end of oper-
ating cycle 22 (~21 EFPY").

Regions of the vessel with distinguishing features were
10 be treated individually; they are the upper axial weld,
lower axial weld, circumferential weld, upper-plate spot
welds, upper-plate regions between the spot welds,
lower-plate spot welds, and lower-plate regions between
the spot welds. (Spot welds attach the cladding 10 the
base matenal, except over the vessel welds, where the
cladding 1s weld deposited. )

The fracture-analysis methods 1o be used in the analysis
of the surface flaws were those represented by the estab-
lished OCA-P methodology, which was developed during

*Effectve full power yeans (EFPY)
NUREG/CR-5782
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the Inegrated Pressurized Thermal Shock (IPTS)
Program.4 Fracture-analysis methodology for subclad
and embedded flaws were not avaiiable in OCA-P, and
thus they had to be deveioped for the present study.
Because of the ught schedule, less precise methods than
used for the surface flaws were considered acceptable.

The PFM sensitivity analyses for weld regions were 1o
be performed with concentration as the indepen-
dent variable (0.15 1o 0.35 wt% in increments of 0.05),
while the analyses for plates were to be performed with
surface RTNDT as the independent vanable. The upper-
plate surface RTNDT values were to range from 250 w
325°F in increments of 25°F, and the lower-plate surface
RTNDT values were o range from 250 to 400°F in
increments of 25°F.

These and other specified input data for the Yankee Rowe
PTS PFM sensitivity analysis are included in Table 1.
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flaw (with the crack tip at the same radial wall location)
by 35%.

Subclad flaws that exist in the plate regions between the
spot welds are treated differently than the subclad flaws
analyzed for welds and plate regions in the spot welds.
These subclad flaws are treated like surface flaws, 1e.,
the K1's are not reduced by 35%, because a gap (assumed
10 be 3-mils) exists between the cladding and base
matenal. ADINA-T ¥ a general purpose multidimen-
sional finue-clement thermal analysis program, was used
10 calculate the thermal response of the plate region
between the spot welds assuming the 3-mil gap o be
filled with water. The ins:lating effect of the gap
slightly reduces the severity of the thermal shock [lower
thermal stresses, and high fracture wughness (Figs. A2,
A3,and AS)].

Details of the subclad-flaw model and the flowchan logic
for performing the deterministic fracture mechanics
analysis of each of the probabilisucally simulated
vessels contarung a sui~iad flaw are included in
Appendix C

3.4.5 VFracture-Analysis Method for
Embedded Flaws

An embedded flaw 1s considered 1o be a flaw that resides
entirely in the base metal. In the probabilisu¢ analysis,
the location of the inner tip of the embeAded flaw is
probabilisucally simulated, 1.¢., located randomly along
the mesh between the clad/base interface and the vessel
outer wall. The flaw has equal probability of being
located at any one of the mesh points in the base metal.
It should be noted that the caiculated probability of
failure 1s sensituve o the mesh size, presumably because
of its effect on the minimum distance beiween inner
crack up and clad/base interface. Mesh convergence
analyses were performed, and it was determined that a
mesh spacing of 0.005 in. 1s converged with respect 1o
the probability of failure.

The ASME Sect. X1 procedure for subsurface flaws® was
used 1o calculate K's for the embedded flaws. The
mathemaucal representation of the ASME cur. »s was
taken from Ref. 9.

The mner tup of the embedded flaw 15 checked for intia-
uon according 10 LEFM principles. If the inner up
initiaies, it 1s assumed that the flaw propagates all the
way through the cladding, because the flaw is propagat-
mg into a region of higher embrittlement and higher
thermal stress. Therefore, an embedded flaw that
initiates at the inner up is converted io a surface flaw.
Surface-flaw K|'s are then used to predict subsequent
intiaton and arrest events. Dynamuc effects (as
described  hove for subclad flaws) are included for the
time step a. which the flaw breaks through the cladding.

Detauls of the embedded-flaw model and the flow-chant
logic for performung the deterministic fracture mechanics

NUREG/CR-5782

analysis of each of the simulated vessels containing an
embedded flaw are included in Appendix D.

3.5 Methodologies for Esti-
mating Fracture Toughness

3.5.1 Basic Approach

The mean fracture toughness for all regions of the vessel
was obtained from the ASME lower-bound relations
with a modification to convert from lower-bound to
mean 4 The relations are

K, = 1.43% (33242806 exp[0.02*
(T-RTNDT + 100)]},

K, = 143 (332 +2806* expl0.02 *
(T-RTNDT + 67)]1,

K, = 125% (26,80 + 1.223 * exp[0.01449
* (T-RTNDT + 160)]).

K = mean values of Kic, Kid, Kia (ksi\/;!—-)‘

T= temperature at tip of flaw (°F).

Details of the methodologies used for determining the
fracture toughness for welds and plates are included in
Appendices E and F, respectivaly.

3.5.2 ARTwnp7 Correlations for Welds

For the case of welds, the sensitivily analyses were
periormed with copper as the independent variable; and
Reg. Guide 1.99 Revision 2 (welds),!0 plus a 50°F low-
temperature-irradiation correcuon factor, were used to
calculate ARTNDT. The correction factor was added
because the Yankee Rowe vessel operates at approx-
imately S00°F instead of 550°F, for which Reg. Guide
1.99 i1s most appropriate.

3.5.3 ARTxp7t Correlations for Plates

For the case of plates, the sensitivity analyses were per-
formed with RTNDT at the inner surface of the vessel as
the independent vanable, and values of ARTNpT were
calculated using Odette's correlations. The correlations
are as follows:

0318
Upper Plate: ARTypp (°F) = 183 * k"-o,—,) i

035
Lower Plate: ARTnpy (F)= 183* (',;To’} + 80,

b

where @ = neutron fluence (E> 1.0 MeV, nfem?2)



3.6 Residual-Stress
Considerations

Before selecting ¢ residual stress distribution for the

Yankee Rowe sensitivity study, the effect of three

different residual-stress assumptions was evaluated. The

assumpuions were

5 No residual stresses.

2 A 6 ksi ensile residual stress acting across the

entire pressure vessel wall thickness. In this case,

the residual stress enhances the probability of
inuation and diminishes the probability of a
stable crack arrest.

3, A 6 ksi tensile residual stress across the first inch
of base metal. In this case, the residual stress
enhances the probability of iniual crack imtiation
but has little or no effect on crack arrest and
remniuaton.

Case 1 15 considered 1o be nonconservative; case 2 is
considered to be unnecessanly conservative; and case 3 is
considered 1o be a more realisuc method because residual
stresses are self equilibrating: as the crack propagates,
the residual stress 1s relieved.

Figure G.1 shows the hoop stresses at a ime of 20 min
for the above three cases and Fig. G.2 shows the
corresponding K distributions for axial surface flaws.

Figure G.3 shows that P (FIE) for case 2 is higher by a
factor of approximately 2 than that for case 1, and case 3
is bracketed by case 1 and case 2.

The models used in this report to calculate probabilities
of failure for welds incorporated method 3. No residual
stresses were included in the analysis of the plate
regions.

3.7 Method of Analysis to
Include Dynamic Fracture

In the analysis of subclad and embedded flaws, rapid
loading effects caused by cladding failure w ere included
by using Kjg4. instead of K¢, to predict crack initation
in the base metal (outer crack tip) for the ume step at
which the cladding fails. Figure H.1 shows
experimeatal dynamic fracture initiation toughness
datal! as a function of loading rate and temperature.

Values of K4 for a loading rate of 105 ksi+/in. /s and
vanous temperatures are ploued in Fig. H.2, which
shows that the lower-bound Kic curve shifted by 33°F is
a reasonable lower-bound approximation for the Kjg
experimental data. Figure H.3 shows that for
T-RTNDT = 0°F, which corresponds 10 many of the
initiation events, the value of Kid is ~75% of Kj¢.

3.8 Method of Analysis for

Including Clad Rupture for
Subclad Flaws

Analyses were performed to determine the minimum
flaw size and corresponding time during the SBLOCA7
transient for which the cladding would fail. The results
of these analyses indicated that for welds, with 0.25-in.
cladding, a subclad flaw with a 21.65 in. v ould result in
cladding failure at a ume of 21 min into the ransient.
For the case of plates, with 0.109-in. cladding, a subclad
flaw with a 2075 in. would result in cladding failure at
a ume of 21 min into the transient.

The details of these studies are presented in Appendix 1.

3.9 Method of Analysis for
Including Noncontinuous
Clad/Base Interface

The plate regions between the spot welds were specified
as having a water-filled gap of ~3 mils between the
cladding and the base metal. As explained below, the
nonconunuous interface reduces the probaility of crack
propagation for flaws that exist in the plate regions
between the spot welds and increases the probability of
crack propagation for flaws that exist in the plate spot
welds.

Flaws that exist in the plate regions buiween the spot
welds do not penetrate the cladding and are subjected 10
lower thermal stresses and reside in a region of higher
fracture toughness (deeper flaw for same flaw size), and
higher temperatures. This reduction in the probability of
flaw propagation was included in the analysis.

Flaws that exist in the plate region spot welds are
subjected 1o higher loads because of load transfer
resulting from the existence of the adjacent 3-mil gap.
However, as indicated below, the effect on P(FIE) is
small and for that reason was not included in the
sensitivity study.

Three-dimensional thermoelastic finite-element analyses
were performed to determine the vanation in Ky along a
straight axial flaw that connects two or more spot welds.
The SBLOCAT transient (time = 20 min) was used for
the mechanical and thermal loadings, and a cladding
thickness of 0.109 in. and a flaw depth of U.25 in. were
used. The calculated Ky value was higher by only 5% at
the spot weld thar at the center of the unbonded region .
The details of the three-dimensional finite-element
analyses are included in Appendix J.

NUREG/CR-5782
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The mean value of P(FIE) is estimated roughly by
multiplying the best-estimate value by the ratio of mean
flaw density 10 best-estimate flaw density. For this
study that ratio is 45. Thus,

P(FIE)mean = 0.059 x45= 27,

Of course, P(FIE) can not actually exceed unity but does
in this case because of double counting. In the absence
of a proper correction for double counting, let
P(FIE)mean €1.0. With this conservative simplifying
assumpnon made, and taking the event frequency o be
2 x 10-3/yr, the frequency of failure is

o(F)mean = 1.0(0.0020) = 2.0F-3 failures/yr.

In a previous ORNL study of the Yankee Rowe reactor
pressure vessel,! only the upper axial weld was cal-
culated in detail. The reported value of P(FIE) = BE-4
compares well with the value calculated here for the

upper axial weld, [(0.028)(0.5870.675)0.074) = 8E-4],

even though there are some siight differences in the two
analyses. In the earlier study, the contribution of the
other regions and the effect of double counting were
estimated by doubling the value of P(FIE) calculated for
the upper axial weld. In this example, each region was
treated in detail, and double counting was accounted for
in a different way, leading to larger values of P(FIE) and
o(F). The actual effect of double counting has yet 1o be
determined.

5.2 Example Problem 2 (Subclad
Flaws)

Flaws are assumed to be subclad
flaws

Flaw density for welds =

1 flaw/m3 = 0.028 flaw/fi3
Flaw density for plates =

1 flaw/m3 = 0.028 flaw/fi®
Weld copper content = 0.25%
Upper-plate surface RTNDT =
250°F

Lower-plate surface RTNDT =

322°F°

Assumed conditons:

Following the same methodology demonstrated in
Example 1:

Welds:
P('F‘E)welsls - : ;
N1 [V PEIE) . + Vo PUFIE),, + V. B(FIE),,

*See Sect. 3.2.
NUREG/CR-5782
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P(FiE)welds = (0.028)(0.587)((0.675)
(0.0053) + (0.30) (0.0031) +
(2.73)(0.0)}.

= 0.000074.
Plates:

Subclad flaws in plates exist in the spot welds (52% of
plate surface area) and in the area between the spot welds
(48% of plate surface arca); therefore, the method for
combining P(FIE) for the upper and lower plates is as
follows:

P(FE)plaes = 0.52 [E(N VDP(FIE)],, + 0.48
[E(N VP (FE)),,

P(FIE)plates = (0.52.)(0.028)(0.587)‘
(V,P(FIE) + V P(FIE) ]}, +
(0.48)(0.028)(0.587)

(V,P(FIE), + V,P(FE) ],

where

Volume of upper and lower
plates (Table 1)

appropriate values for subclad
flaws in the upper and lower
plates for regions in the spot
welds (Table 4) and regions
hetween the spot welds

(Table 3)

designates plate regions in the
spot welds

designates plate regions between
the spot welds.

Obuaining values of P(F{E) for subclad flaws from
Table 3 and 4,

Vup: Vip

P(FIE)

1

1SwW =

bsw =

P(FIE)plates = 0.00855((144)(0.00051) + (64)
(0.0033)) + 0.00789 {(144)

(0.001) + (64) (0.011))
= 0.00243 + 0.00669 = 0.00912
P(FlEhowl = 0.000074 + 0.00912 = 0.00919
and

P(FIE)mean =0.00919 x 45 = 0.41.
Taking the event frequency 1o be 2 x 10-3/yr,
O(F)mean= (041)(0.002) = §.2E-4.
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7 Conclusions

The results of this sensitivity analysis provides
the NRC with data (Tables 2-4, Figs. 1-5) and a
methodology (Sect. 5) to assess the relative
influence of key mput parameters on the con-
ditional probability of failure [P(FIE)) and the fre-
quency of failure [@(F)] for the Yankee Rowe
reactor pressure vessel.

When using the above data to esumate P(FIE) and
@(F), one must be careful to use values of P(FIE)
that are consistent with the overall fluence spatial
distribution and the ume of reactor operaton.

NUREGACR-5782
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Double counting may have to be accounted for,
depending on the total number o flaws and the
value of P(FIE jioa). If the total number of flaws
is less than unity, there 1s no double-counting
effect.

The considerauon of finite flaw length for arrest
and reimitiation of surface flaws and initial initia-
ton of embedded flaws could reduce the values of
P(FIE) substanually.
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Table 1 (Conunued)

Fracture Properties:

Initial (umirradiated) RTNDTo for weld matenal = 10°F
Imitial (unirradiated) RTNDTo for plate material = 30°F
Maximum Kjz = 200 ksivin.

Flow stress = 80.0 ksi

Kic and K g mean curves were same as those used in the original IPTS studies, 1.e.:

K]a mean = 1.25 * ASME lower bound Kj, curve
Kic mean = 143 * ASME lower bound Kj. curve
Kid mean = 1.43 * ASME lower bound Ky, curve shified by 33°F

RTNDT Correlations:

Weld matenal:
Regulatory Guide 1.99 Revision 2 (welds) + 50°F for a low operating temperature correction factor.

Plate material:
Upper Plate - Odette correlation: ARTNDT (°F) = 183 * fluence0.315
Lower Plate - Odette correlation: ARTNDT (°F) = (183 * fluence0.315) + 80

Probabilistic Parameters:

ARTNDT standard deviation (welds) = 24°F
ARTNDT standard deviation (plates) = 37°F
RTNDTo standard deviation = 17°F

K|a standard deviation = .15

Kjc standard deviauon = 0.10

ARTNDT truncation = + or - 30

Kjc truncation = + or - 3¢

K]a truncation = + or - 30

Fluence standard deviation (fraction of mean) = 0.1
Fluence variability truncation = + or - 3¢

Mean nickel = 0.6 wi%

Copper standard deviation = 0.07 w1%

Marshall flaw size distribuuon function used
Marshall flaw nondetection function used (simulates preservice inspection)

All flaws were assumed to be infinite length **

*No temperature dependence of matenal properties included in analysis
**See Sect 342

15 NUREG/CR-5782
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Table 3. Best-estimate unadjusted conditional probabilities of failure {f’ {FIE)] for plate

(between spot welds)

Sensitivity with respect to surface RTapT

Upper Plate

RINDTS= 250 275 300 225
Subclad flaw’ 1.0E-3 27E-3 62E-3 12E-2
Embedded flaw 1.5E-5 A40E-5 9.0E-S5 18E-4

Lower Plate

RTNDT# = 250 275 300 325 400
Subclad flaw” 1.1IE-3 28E-3 5.7E-3 1.1E-2 3.3E-2
Embedded flaw 16E-6 3.5E-5 7.6E-5 1.6E-4 5.7E-4

IMaxumum value in region
bSubclad flaws treated as surface flaws

NUREG/CR-5782



Table 4. Best-estimate unadjusted conditional probabilities of failure [f’ (FIE)) for plate
(at spot welds)
Sensitivity with respect to surface RTNDT
Upper Plate
RINDT S = 250 275 300 325
Surface flaw 6.9 E-3 1.7E-2 3.0E-2 5.2E-2
Subclad flaw S.JE4 1.1E-3 2.0E-3 3.6E-3
Embedded flaw 1.0E-4 22E-4 42E-4 6.9E-4
Lower Plate
RINDT? = 250 275 300 325 350 375 400
Surface flaw 74E-3 1.5E-2 2.8E-2 4 5E-2 6.8E-2 9.1E-2 1.1E-1
Subclad flaw 5.3E-4 1.1E-3 2.0E-3 3.3E-3 S.2E-3 1.3E-3 1.0E-2
Embedded flaw i.2E-4 2.3E-4 39E4 6.4E-4 9.1E-4 1.2E-3 1.5E-3
IMaximum value in region
NUREG/CR-5782 18



Table 5. Summary of results of Example Problem 1

v‘,*AAVAMA'AA T i A

Number of flaws

Region l.)J(FlE) Ni*V*1 P{(FIE)
UAW 0.074 0.011 0.0008
LAW 0.049 0.005 0.0003
CwW 0.0024 0.045 0.0001
UpP 0.017 1.231 0.0209
LP 0.068 0.547 0.0372
Totals (best estimate) 1.839 0.0593
Totals (mean) 82.755 2.669
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1 1 Surface Flaw

01 ...‘".':“s;— 1
f [Subclad Flaw | =3, | i
: 'o'é-“‘.'
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(ob) 001 p— Lo
[ . | |
S’ v i | ‘
« Q P ““ “““““" M“.um
o001 b Embedded Flaw 1o o e
; & ,«"‘w
00001 § ot 1
000001 v , ; '- |
0.1 0.2 0.3 04

% COPPER

Fig. 1. Unadjusted best-esumate conditional probability of failure. Upper Axial Weld.
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Surface Flaw
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Fig. 2. Unadjusted best-esumate conditional probability of failure. Lower Axial Weld.

21 NUREG/CR-5782






NOTE: ISW = Flaws existing in spot welds
BSW = Flaws existing between spot welds

'1 . j i i
E : { i 3
- [Surface Flaw ISW \ ’ ]
s é ]
! =
.01 : ‘ ".‘_‘.- .
: I‘:".' y:
. [ Subclad Flaw BSW | ——> " 4
i i .o“. { ."ov
L L , .....0.0' .....".-un )
L , .0". _z".
R F i P o
u- 001 d ' ...‘,o‘w | ’j
bt E ‘o‘.. : - i -
Q. : .- :
. [Subclad Flaw ISW NERC il d
d { - . -
% ,v"f | "...-""‘
.0001 : S 4 - o i,
+ | Embedded Flaw ISW ",.-"‘ K y
* o Embedded Flaw £ . _] 3
= 1 ‘O" - -
j"o 3
.00001 . . . - -
200 250 300 350

SURFACE RT, ;5 (°F)

Fig. 4. Unadjusied best-esumate conditional probability of faillure. Upper Plaie.
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1 : - : 5
1 : ‘ ' : :
F NOTE: ISW = Flaws existing in spot welds :
i BSW = Flaws existing between spot welds
- £ | Surface Flaw ISW
: :
[ { ! o’é""' 1
— 01 - :( '—%’L "A‘ et ik 3
L : ISubcIad Flaw BSW I,o, ,.--w"?’"""m :
— : ; o " i “‘”“‘ ‘.,'tm‘ E 3
E.-r . ) g - i 4
‘Q "" _,.n"‘w% ; .u-o-o""'
001 ¢ [y ¢ ]
t g".““ ‘ l""‘. ; an® '{ :
:Ls.uwaw.m__ “7. i o""‘.' :
i‘.'.-' , "“.o’
0001 FH{Embedded Flaw ISW .\ :
[ o0 gt ?
[ Embedded Flaw BSW )
'0
.00001 . . . . - - -
200 250 300 350 400 450

Fig. 5. Unadjusted best-estimate conditional probability of failur:. Lower Plate.
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Figure A.1.
Figure A2,
Figure A3
Figure A 4.
Figure A 5.
Figure A.6.
Figure A.7.

Figurec A 8.

Appendix A: Transient Definition
and Resulting Loads

Yankee Rowe SBLOCA7 Thermal and Pressure Transient.

Thermal Response of Yankee Rowe Vessel to SBLOCA7 Transient (ume = 20 min).
Hoop Stress Distributions (time = 20 min).

Axial Swress Distribution (time = 20 min).

Kj Distributions for Axial Surface Flaws (ume = 20 min).

K| Distribution for Circumferenual Surface Flaws (time = 20 min).

K1 for Embedded Flaws Located in Welds (time = 20 min).

K1 for Embedded Flaws Located in Plate (ime = 20 min).
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WATER TEMPERATURE (°F)
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500

400

' 3
{ f, l
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; |
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| e
I -
. L ]
B e S SR
| | i |
| i z |
- T v T v T B T v 0
0 20 40 60 80 100
TIME (min)

PRESSURE (ksi)

Fig. A\l Yankee Rowe SBLOCA7 thermal and pressure transient,

A3

Water Temp (°F)

L s PTESSUTE (KSH)
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500 :
|
%FNELDS:O.25 inch clad i | .
450 -
|
w
:J 400 |- 4 y
o p.
P | 7 N
: 7\ i
- B |
= PLATE: 0.109 " clad at Spot Weld
= |
|
.0.108 " clad between Spot Weld ﬂ
|
2 3 4 5 6 7" g

R (in.)

Fig. A.2. Thermal response of Yankee Rowe vessel to SBLOCA7 transient (ime = 20 min).
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WELD: 0.25 " Clad - includes effect of 6 ksi
| residual stress in 1st inch of base metal

PLATE: 0.108 " Clad - At spot Weld

= 3
= 40
w
w
W
o -
-
N 20 - PLATE: 0.108 " clad - between spot weld
Q.
o 1 *
3 \ \
- - 3
: T
r 5 \h--'--.l-_- :
20 i . 3 -
0 1 2 3 4 5 6 7 8
R (in.)

Fig. A.3. Hoop stress distributions (ime = 20 min).
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AXIAL STRESS (ksi)

. g
60 |%
Effect of 6 ksi tensile residual stress
in the 1st 1 inch of base metal
) o
40 |t
..."
‘O
20 S
.".
} ...
b ; ..0..
i ."4,.
0 ey
- ,....
! oo.oo ,....
o.uo-l......
hLLLT PN
-20 + v v v -r
0 1 2 3 4 5 6 7

NUREG/CR-5782

80

Fig. A4. Axial stress distribution (time = 20 min).
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K, (ksivin.)

300

200

100

Fig. A.5. Kj distributions for axial surface flaws (time = 20 min).

| 1 1 1 ]
WELD: 0.25 " clad - includes effect of 6 ksi /,:
tensile residual stress in 1st inch of base / Ll
i I/’ \“ )
l/ A
/
S
v
1'
I‘I’
4 'I
I"
PLATE: 0.108 " CLAD - between spot weld
|
/ PLATE: (.102" CLAD - at spot weld
- . v v . -
1 2 3 4 5 6 7 8
R (in.)
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Effect of 6 ksi tensile resigual
L | stress in 1st 1inch of base
| l _ !
100 ! r)..-zm-,..-:-.-.--_-.—.
£ 80 f—rp¥
= /
7
& :
s §
- £
X 60
40 "
20 L L ¥ 4 W L s
0 1 2 3 4 5 6

R (in.)

Fig. A6. K distributions for circumferential surface flaw: (bme = 20 min).
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K, (ksivin.}

120
i inner crack tip located L. 1
o at clad base interface
1 "
S
80 inner crack tip located
at depth of 0.77 inches
» -
60 f— =
L ’ M“"‘M .
w""‘ Inner crack tip located
40 - :
" i at depth of 2.27 inches
¥
o -
i a«"‘.“‘ -,..u--."'c---num.uv-u ainis
#‘f T L - SIS
0 .f et i
' |
0 1 "
0.0 1.0 2.0
CRACK SIZE 2a (in.)

Fig. A7. Kjfor embedded flaws locaied in welds (ime = 20 min)
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100

inner crack tip located
at ciad/base intertace

i

Tnner crack tip located

2 at depth of 0.63 inches
g &0 / i/ e
\) 5 .qt'vﬂmum"“”""‘ ”
K™ L
o .,.mg“
o A0 e
x o ..,,«-“'“ z
: " | Inner crack tip located
at depth of 2.63 inches

F
20 + 4 \
& i
& ; \
b " IR IMIRIR IR BB IRIREE
L

) LR R
.-----onnon.'-l‘-‘-
W ]
.
.
-

e
.
e

0 v : ,
0.0 1.0 2.0

CRACK SIZE 2a (in.)

Fig. A.&. Kj for embedded flaws located in plate (time = 20 min).
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Appendix B: Surface Flaw Model
and PFM Methodology

Figure B.1. Surface-Flaw Model

Figure B.2. Surface-Flaw PFM Methodology

Bl
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SURFACE FLAW MODEL:

Initial Flaw Size* Pa)**
{in.) Yo
Nty (hat 0.085 69.12
| 0.262 22.30
0.457 6.44
0.671 i.65
WA 0.904 0.37
Initial Flaw Size* 1.158 0.01
L Mesh Points 1.437 <0.01
e N\ | Located at 1/4" 1.742 <0.01
cheeeneens nchemnt 2.076 <0.01

*Defaull values from OCA-P
**Probability of Occurance — Determined from the integration of the product of
the Marshall flaw size and probability of nondetection function.

[asize] — Array of nine possible initial crack sizes.
[a] — Array of discrete mesh points where surface flaw tip can be located.
Note: For surface flaws [asize] = [a] for first nine discrete mesh points.

T(a,t) — Temperature for each surface flaw mesh point for each transient time
step. Used for calculating fracture toughness of surface flaw tip.

Ki(a,t) — SIF for each surface flaw mesh point for each transient time step.
Used for predicting initiation/arrest of surface flaws. Calculated using
K* superposition method.

Fig. B.1. Surface-flaw model
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PFM METHODOLOGY FOR SURFACE FLAWS

@__.{ VESSEL = VESSEL + 1
v

[s.munam Flaw Size(a): Marshall]

[ Simulate Amount of Embrittiement

1 Plate

1) Randomly Seiect ARTnDTs from 20 Array

y Weld

1) Randomily Select Surface Fluence (Fo)
from 1D Array

2) Simulate Surtace Fiuence (SFID)

3) Simulate Coppér (SCu)

J

v

Simulate RTnoT Error (ERRTN)

Finished Calculate

v

P(FIE) -—Q Simulate Kic Error (ERKIC)

®

.

Y Increment Transient Time
T N @ ‘ = l - A!

v

l Enough Vessels? J‘-—@
1

1) RTnoT (a)

Simulate Fracture Initiation Toughness {Smkic):

A Sl 2) Taou=T(at) - RTwor (a)

@ 4) Swic = (Kicjmean * ERKIC

I 3) (Kic)mean = 1(TADJ)
Y

4

Transient Over?

N Check for intiation (Initial/Reinitiation)
Ki(at) » Smxicla)?

lv

@ @—N Propagate Flaw: a=a+ Aa

i

v

Y

Add 1 Failure | Vesse! Failure?

‘N

®

Simulate Fracture Arrest Toughness (Swmxia)

1) RTnoT(a): Use Maximum Fluence
2) Taou=T(ay) - RTnot(a)

3) (Ka)mean = f(TADJ)

4) Simulate Kia Error (ERKla)

5) Smxia = ERKia * (Kia)mean

6) Impose Upper Shelf Limit: Smxia € USKla

4

y A

Ch Arrest .
Continue Flaw Pfopagmonjﬂ—ﬁ- Kf(:':": CS;:?-‘! a)? | - Check for Reinitiation

Fig. B.2. Surface-flaw PFM methedology
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Appendix C: Subclad Flaw Model
and PFM Methodology
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terit —  Critical time at which cladding will fail if flaw size exceeds acrit.

T(as) — Temperature for each subclad mesh point [a] for each transient time
Step. Used for calculating fracture toughness of subclad flaw.

Criteria for cladding failure:

a2acntandt 2 tcnt

Dynamic effects (via Kig) is included for only that time step at which the cladding
has failed.

Positive Effect of Unbroken Cladding Simulated as:

Ki{a.t) = [K1(a,t)lsurface flaw * 0.65

Fig. C.1. /Continued)
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PFM METHODOLOGY FOR SUBCLAD FLAWS

\

v
¥
w )
v '
@
v
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v
L3
B
v
v
.q.
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v
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T P LT W T T T T T T RN, e T

N

A T e P Pt e e e Lm0 iR s S o

@

:

Transient Over? |

Check for Initiation (Intiai/Remitiation)
Axi » Smxc?

v

Add 1 Nonfailure

.

Enough Vessels?

N lv

l y
Propagate Flaw: a = a + Aa _——@
.

Check for Failure?

‘v

A Finished:
Cakulate P(FIE)

Add 1 Failure

1)
2)
3)
4)
5)
8)

Simulate Fracture Crack Arrest Toughness (SmKia)
Caiculate:

RTnoT(a): Use Maximum Fluence

Tan: = T(at) - RTnpT(a)

Kis Error (ERKla)

(K ymean = f(Tany)

Sumkia = ERKia * (Kia)mean

Impose Upper Shelf Limit: Swkis € USKla

:

N Has Cladding Failed

ICFLAG = 17

iv

Still A Subc'ad Fiaw
Axi = 0.65"Ki{al)

Treat as Surface Flaw
Axi = Ki(at)

(&)

.

Check for Remnitiation  j——-

4 Check for Crack Arrest N

AKl < SMKia 3 Continue Flaw Propagation

Fig. C.2. (Continued)
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Appendix D: Embedded Flaw Model
and PFM Methodology

Figure D.1. Embedded-Flaw Model

Figure D.2. Embedded-Flaw PI'M Methodology

D.1
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EMBEDDED FLAW MODEL:

=
ke :
URFACE FLAW MESH (a)

Inner Crack Tip Location CThosen
Randomly From Uniform Distribu-

I tion of Equal Spaced Points.

P —
g AR @ Initial Flaw Sizes (2a) and the Proba-
f(-XlNr\ER)I 2a |€&— bility of Occurance are the Same as

Applied to Surface Flaws (trom
EMBEDDED FLAW MESH (xiNngr)|  MarshalD
— N
r i |

lasize] — Array of nine possible initial crack sizes
[ XINNER] — Array of discrete mesh points where embedded flaw inner crack

tip may be located. Used for claculating fracture toughness of
embedded inner flaw tip.

T(XINNER,t1) — Temperature at each mesh point for each time step in
transient.

Ki(XINNER.2a,1) — SIF for each combination of XINNER and flaw size (2a)
for each transient time step. Used for checking for initial
initiation of embedded flaw inner tip. Calculated using
ASME methodology for subsurface flaws.

[a] — Array of discrete points where surface flaw tip can be located.

Ki(a,t) — SIF for each surface flaw mesh point for each transient time step.
Used for checking initiation/arrest of surface flaws.

T(a,t) — Temperature for each surface flaw mesh point for each transient time
step. Used for calculating fracture toughness of surface flaw tip.

Fig. D.1. Embedded-flaw model
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PFM METHODOLOGY FOR EMBEDDED FLAWS

®
t

@..

VESSEL = VESSEL + 1 ]

v

Locate Embedded Flaw inner Tip (XINNER):

1

Randomly Chosen From Uniform Distribution |

["Add 1 Nontall: e |g— S XINNER >3.0 Inches |

;N
Sinwlate Flaw Size(2a): Marshall

oy v

simulate Amount of Embrittlement
J""" ¥ Welo

1) Randomly Selec: Surface Fivence (Fo)
1) Randomly Selact ARTw~oT, from 2-D An'ay—l from 1D Array

2) Simulate Surtace Fluence (SFID)
3) Simuiate Copper (SCu)

J

. increment Transient Time

Finished Calculate
P(FIE)

0
:

Enough Vesselc?

1

Add 1 Nonfailure

®

-

Transient Over?

N

‘-———

Fig.

v

Simulate RTnot Emor (ERRTN)
Simulate Kic Error (ERKIC)

v

1=1+ 4t

.

‘N

Check for Tensile instability of Y

inner Ligament Unstable? ———j

Simulate Fracture Initiation (Swxic) at
Embedded Flaw inner Tip (XINNER):

1) BTnoT (XINNER)

2) Taos = T(XINNER,1) - RTnoT (XINNER)
3) (Kic)mean = #(TaDJ)

4) Swmxic = ERKIC * (Kic)mean

v

Check for Initiation of Flaw inner Tip:
Ki(XINNER.2a.1) > Smxic?

g

Cladding Assumed to Fail:

Embedded Flaw Becomes Surtace Flaw
with Outer Crack Tip at a = XINNER + 2a

.
©

D.2. Embedded-flaw PFM methodology.
DS
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©
v

Totail = ¢

¥

t=t-A1

Decrement Transient Time

v
(F)—{ Simdiiate K« Error (ERKIC) |
v

s

Increment
=1+ A1

©)—»

ransiert Time

Caiculate’ RTnDT (a)

Taou = T{at) - RTaoT(a)

v

¥

Is This The Time Step at Which
Cladding Failed: 1 = tctai?

N

%

inciude Dynamic Effect:

1) Calculate: (Kid)mean = f{(TanJ)
2) Swic = ERKIC * (Kig)mean

1

®
5,

Do Not include Dyramic Etfect:

1) (Kic)mean = #{TADY)
2) Smxi = ERKIC * (Kic)mean

T

]

.

@

N| Check for Inttiaton (Initial/Renitiation)
Transiant Over? of Surtace Flaw
Ki{at) » Smxcfat)?
v :
Add 1 Nontaiiure l Y
T Propagate Surtace Flaw
a=a+ha
® )
l— Add 1 Faillure i‘-!- Check for Failure?
g —
+"
e\
Yo amulate Fracture Arrest Toughness (Smxia):

®

Y

1
[Check for Remiation e——

NUREG/CR-5782

2) Taos = T(at) - RTno (@)

3) Calculate Kia Error (ERKIa)
4) (Kia)mean = f(Tapy)

5) Swxia = ERKla * Smcia

1) RTwot (a): Use Maximum Fluence

6) Impose Upper Shelf Limit: Smkie < USKia

.

Check for Crack Arrest
Kiat) « Smxia?

Continue Flaw
Propagation

Fig. D.2. (Conunued)
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Appendix E: Methodology for Simulating
Fracture Toughness for Welds
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METHODOLOGY USED FOR SIMULATING FRACTURE
TOUGHNESS FOR WELDS:

Specified: Fluence Map (1-D)
Nickel
ARTNDT: RG 1.99 Rev. 2

SENSITIVITY WRT COPPER

s

Z
E P | Crack Tip:
- e Surface flaw
5
) R Subclad flaw
S Rt mbedded flaw
E — | F,
Randomly [

Step 1: Simulate Fluence
a) Fo~— Value of mean surface fluence is randomly chosen from
unifor m distribution, i.e., each fluence value has equal
prob ibility of being chosen.

Fmax — MMaximum value of surface fluence in fluence variation
map.

b) Probabilistically Simulate Surface Fluence:

Simulated surface fluence (SFID) chosen from normal distribution
about randomly selected mean fluence Fo.

E3 NUREG/CR-5782



‘ Mean = F,

lo=0.1=%*F

i Limit: K, >0

i

| |
| FID(I)

|

I

|

1 P
s

SURFACE FLUENCE

¢) Different attenuated fluence curves are used to predict initial crack
initiation {SFID(1)], crack arrest(s), and subsequent reinitiation(s)

[SFID(A)].
SFID(A) = Frayx * SEID(1)
SFID(A) Fo
- Pm..i\
E SHD(ID *\Pf@di(l A}reSl?Reinitiation

4

Predict Initial Initiation

R (in.)
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Step 2: Probabilistically simulate copper (SCu):
Randomly chosen from normal distribution about mean Cu.

MEAN =Cu
lo =0.07
LIMIT: SCu<0.40

0.40

c————--——

Step 3: Probabilistically simulate RTxpT Error (ERRTN):
Randomly chosen from normal distribution about mean = 0.

Note: ERRTN is calculated once per vessel.

MEAN =0
10 =1
LIMIT: -3<ERRTN <3

O P "= wm w= ww e e e .
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Step 4: Compute ARTNDT per RG 1.99 Rev. 2.

[0.28 — 0.1 log (SFID)]
ARTxpT(a) = CF » SFID

where:

for initiation: SFID = SFID(I) + exp(-0.24 » a)
arrest/reinitiation: SFID = SFID(A) » exp(-0.24 » a)
CF = chemistry factor = f(SCu, Ni)

Step 5: Calculate embrittlement (RTNDT)

],

where:
RTnpT = value of RTnpT used in fracture toughness calculations
RTNDTo = initial (unirradiated) value of RTNpT
= 10°F for welds
= 30°F for plate
ARTNpDT = shift in RTypT due to irradiation as a function of simulated
fluence (attenuated to wall depth location corresponding to
crack tip location) and simulated copper as predicted by
RG 1.99 Rev. 2 for welds. (Nickel = 0.6 = constant)

-

e | 2 . .gs
VO rTapTO0 T OARTNDT = Square root of the sum of the square of 16 variability

for RTnpT and ARTNDT (10 for RTNDTo = 17°F
and 1o for ARTNpT = 24°C). This represents the

lo uncertainty for the specified value of RTNDTo and
the 10 uncertainty in the predictive correlation used
to caluclate ARTNDT.

ERRTN = Random number between -3 and +3 chosen from uniform
distribution. The product of ERRTN and

[ 9 2 A .
VO RINDTO * CarTapy €ssentially increases the uncer

tainty of RTnpT from 10 to 30.
LTCF = Low temperature correction factor = S0°F. This accounts
for the lack of self-annealing due to the fact that Yankee Rowe

NUREG/CR-5782 E6




operates at ~500°F. The ARTNpT values predicted by RG 1.99 Rev.
2 are based on an operating temperature of S50°F.

Step 6: Calculate Tap) = T(a,t) — RTNDT(a)
Step 7: Calculate fracture toughness error (ERKIc and ERIKa):

These terms account for the scatter of the fracture toughness about
the mean. These terms are recalculated for each crack tip position.

Randomly chosen from normal distribution about mean = 1.0

A

Error Term

)

>

._.
e
-

Initiation 1o = 0.15 .. 0.55 <€ ERKIC < 1.45
Amrest 1o = 0.10 .. 0.70 € ERKIA < 1.30

Step 8: Calculate mean fracture toughness = f(TAp))
(Kic)mean = 1.43 + ASME Lower Bound K. Curve
(Kia)mean = 1.25 * ASME Lower Bound K, Curve

Step 9: Calculate simulated fracture toughness used in predicting initial
initiation/arrest/reinitiation.

Sh‘lK]C = ERKIC « (ch)mean
SMKIA = ERKIA » (K1a)mean SMKIA < 200 ksi+/in.
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Appendix F: Methodology for Simulating
Fracture Toughness for Plates
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METHODOLOGY USED FOR SIMULATING FRACTURE
TOUGHNESS FOR PLATES:

Specified: 2-D Fluence Map

ARTNDT Correlations (Odette)
Upper Plate — ARTNDT (°F) = 183°F0.315
Lower Plate - ARTnpT (°F) = 183°F0.315 4+ 80

SENSITIVITY WRT RTnpTtg - VALUE OF RTnpT AT VESSEL

INNER SURFACE

Problem:

Specified Fluence Map not Necessarily Consistent with Specified
Value of RTnDT, and Odette Correlation

Prior to performing PFM analysis, the 2-D fluence map is first normalized WRT
specified value of RTNDT and then transformed to a ARTNDT map:

Step 1:

Step 2:

Step 3:

Step 4:

Value of RTNDT, specified

Calculate value of surface ARTNDT
ARTNDT = RTNDT ~ RTNDT,

Calculate value of surface fluence Fo which produces ARTNDT, when
using appropriate Odette correlation:

(a) Upper Plate: Fo* = (ARTNDT/183)1/0.315
(b) Lower Plate: Fo* = [(ARTNDT, — 80)/183)1/0.315

Normalize the entire 2-D fluence map by (Fo*/Fmax) where Fmax is the
maximum value of surface fluence in the 2-D map. This implicitly
assumes that the specified value of RTNDT, corresponds to the

location of maximum fluence.

F3 NUREG/CR-5782






Step 3:

where:
ARTNDT, = value of ARTNDT, randomly selected from map

(ARTNDT¢)max = maximum value of ARTNDT in 2-D map
B = 0 for upper plate
B = BO for lower plate.

A
(ARTNDTSs Jmax

(\
o Used in Pnjc;iction of Arrest and
Subsequent Reinitiation

Used in Prediction of Initial Initiation

ARTNDTS

e

R (in.)

Probabilistically simulate RTnpT error (ERRTN):

Randomly chosen from normal distribution about mean = 0. ERRTN is
calculated only once for each vessel.
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MEAN =0
ic =1
LIMIT: -3<ERRTN<3

0
ERRTN

Step 4: Calculate embrittlement (RTNDT)

» : 2 2
Step 5: Calculate TAp) = T(at) — RTNDT(2)

Step 6: Calculate fracture toughness error (ERKIc and ERIKa):

These terms account for the scatter of the fracture toughness about
the mean. These terms are calculated for each crack tip position.
ERKIc and ERK]a are randomly selected from a normal distribution
about a mean = 1.0.

NUREG/CR-5782 F6
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Initiation 16 = 0.15 ... 0.55 € ERKIC < 1.45
Arrest lc = 0.10 ... 0.70 < ERKIA < 1.30

Step 7: Calculate mean fracture toughness = f(TADJ)
(Kic)mean = 1.43 «+ ASME Lower Bound Kj¢ Curve
(K1a)mean = 1.25 » ASME Lower Bound Kj; Curve

Step 8: Calculate simulated fracture toughness used in predicting initial
initiation/arrest/reinitiation.

SMKIC = ERKIC = (ch}mean
SMKIA = ERKIA * (Kja)mean SMKIA < 200 ksi+/in.
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Appendix G: Residual Stress Considerations
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Appendix H: Dynamic Fracture Considerations
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0.33 in. 1o 0.78 in. deep. It is observed that a 0.78-in.

subclad flaw has a stress level that very nearly exceeds

0.9 flow stress and, indeed, convergent stress solutions

were not able o0 be obtained for flaws deeper than
~0.8 in. (sce Table 1.2). Extrapolating the curve in
Fig. 111 w 0.9 flow stress indicates that the criucal
subclad flaw depth is ~0.85 in. for 0.109 in. cladding.
In light of the fact that the 0.78 in. subclad flaw 100k
many iterations for convergence and that a slightly

deeper flaw doesn't converge at all for times much earlier

in the transient, it was decided to take a conservative
approach and declare failure by critical stress for a
subclad flaw depth of .75 in. under 0.109 in. cladding.

Table 1.3 summarizes the results of the clad rupture
studies. A 0.75-in. subclad flaw ruptures a 0.109 in.
cladding at t ~21 min into the transient while a 1.65-in.
subciad flaw ruptures a 0.25 in. cladding at t ~21 min
into the transient.
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Tabile 1.2. Comparison of J-values near clad/base interface for two different clad
penetrabon models: 1/32 in. and 1/16 in.

Subclad flaw
Clad penetration depth J-value (in.-1b/in.2) Time
(in.) (s)

0.250 in. cladding

1732 2.00* 664 1208
1.50 426 1297
1.00 245 1290
0.50 105 1267
1/16 2.00+ 601 1301
1.50 403 1304
1.00 250 1307
0.50 113 1290

0.109 in. cladding

1732 0.78* 250 1290
0.55 160 1307
0.33 85 1272
1/16 0.787 228 1290
0.55 155 1309
0.33 B 1276

*NOTE: Not able 10 get a convergent stress solution for larger subclad flaws
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Fig. 1.2. Finuie-clement model empioyed for cladding-rupture studies.
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Fig. J.2. Detail of the finite-element model showing the gap interface.
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