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ABSTRACT

During heatup and cooldown of pressurized water reactor, thermal dress was generaed in
the reactor pressure vessel (RPV) because of the temperature gradient. To prevent potentia
failure of vessel maerias, pressure was required to be maintained below the P-T limit curves.
In this paper, gnaler reference flaws, reflecting advances in non-dedructive evaluation
technique, were assumed in condructing the P-T limit curves. The effect of reference flaw
sze on the maximum allowable pressure was not ggnificant, egecidly a low temperaure.
The riks associaed with the P-T limit curves, defined as flaw initiaion and failure
probabilities, were evaluated by the praobabiligic fracture mechanics (PFM) technique. In PFM
analysis, cladding was fully consdered in such a way tha the differences in thermal
conductivity and thermal expansion coefficient were reflected in thermal and dress analyss.
Also, the impacts of weld reddual dress on the rik associged with P-T curves were
evauaed. In summary, the effects of flaw dzes on the cooldown part of the P-T limit
curves and associated risks were not so sgnificant. Finally, the potentia of incorporation of
flaw orientation in condructing the P-T limit curves was evaluated. It was found tha full
consderaion of flaw orientation results in comparable risks for both axial and circumferentia
flaws.

1. INTRODUCTION

A Reactor pressure vessel (RPV) is the mog critical component in nuclear power plants,
housing reactor core and comprisng a part of primary sysem pressure boundary. Nauraly,
its dructural integrity gravely affects overdl plant safety, and plant lifeime management
including plant life extenson. Because of its proximity to reactor core, RPV is subjected to



radiagion embrittlement due to high fas neutron fluence, losing ductility and fracture
toughness. Radiation embrittlement is characterized as the combination of reduction in Charpy
upper shelf energy (USE) and increase in reference temperaure-nil ductility transition (RTwor).
The betline region of RPV is egecially prone to embrittlement due to high fas neutron
fluence and, usudly, the exigence of welds. To enaure safety, USE and RTwor should meet
well defined criteria specified in the regulaory requirement [1,2].

During heatup/cooldown process of the primary coolant sysem, coolant temperature and
pressure were required to be appropriately controlled to ensure tha the dructural integrity of
RPV is maintained. Current regulaion requires tha pressure and temperature should be
limited by P-T limit curves condructed in accordance to 10CFR50 App. G [1] and ASME
Sec. XI App. G [3]. The method is based on linear elagic fracture mechanics assuming a
reldively large reference flaw, or Y4th of the thickness of RPV, on the surface. Recently, a
risk informed flaw tolerance approach was applied in an effort to relax the P-T limit curves
[4]. Also, the appropriageness of such a large reference flaw is being quedioned resulting
from the advances in non-dedructive evauation techniques. The applicability of smaller
reference flaw was also explored [5].

In this paper, the riks associaed with the P-T limit curves are examined usng
probabiligic fracture mechanics (PFM) technique [6,7]. Fird, an dternaive method used in
this dudy to condruct the P-T limit curves is explained and compared with the current
method specified in ASME App. G. Next, series of the P-T limit curves assuming different
flaw gzes, ranging from 14 to Y10 of the thickness of the RPV, were condructed while
saisfying the basic philosophy of App. G methodology. The risks associated with the P-T
limit curves were quantified usng PFM technique. In evaluaing the riks, the exigence of
dainless ded cladding was fully incorporated in such a way that differences in thermal
conductivity and thermal expansion coefficient were reflected in thermal and dress analyss
[8]. Also, the potential impacts of weld residual dress [5,9] on the rik asociated with P-T
curves were evaluated. Finally, the effects of adopting ASMIE Code Case N-588 [10] in
condructing the P-T limit curves were evaluated quantitatively.

2. CONSTRUCTION OF P-T LIMIT CURVES

2.1 Appendix G Method

Current ASME Section X1, Non-mandatory Appendix G "Fracture Toughness Criteria for
Protection Againg Failure" provides the bass and procedure for condructing P-T limit curves
applicable to light waer reactors [3]. The procedure is based on the principles of linear
elagic fracture mechanics, assuming a semi-elliptical surface flaw with the depth of one fourth
of the thickness of the vessel and the length of sx times the depth. To prevent brittle
failure of the ves=l, the mode | dress intensity factor, defined as the sum of the dress
intensity factors (Ki) from thermal loading and two times of pressure loading, should be lower
than the reference fracture toughness, or Kir given as a function of temperaure and RTwor.

During cooldown, K. corresponding to membrane tenson for the podulated axial defect,
Kim is given as follows (converted to S units);



K,=M_-(p-R /D
where M =0.2954 fort <0.1016
M_=09267yt for 0.1016<t<03048
M, =05116  for 0.3048<( Eq. 1)
p =internal pressure (MPa)
R =vessel inner radius (m)
i = vessel wall thickness (m)

The maximum K, produced by a radial thermal gradient for a podulated axial indde

aurface defect, Ki is given as follows (converted to S units);
K, =18353.CR.r*’
where CR = cooldown rate (C/hr) Eq. 2)

The through-wall temperaure difference associated with the maximum thermal Kin can be
determined graphically using figures provided in App. G. The requirement to be saidfied is
as follows;

2. K[m + K.’.' < K.’."-.‘ Eq. 3)

Using equations 1) through 3) and appropridte figures in the App. G, the maximum
allowable preswure during the cooldown process, characterized as CR in equation 2), can be
caculaed eadly.

2.2 Alternative Methods

Beltline region of RPV is sufficiently far away from the nozzle area as well as the upper
and lower head to be trested as axi-symmetric infinite cylindrical shell during the hest
transfer/conduction analyss. In axi-symmeric infinite cylinder, heat transfer occurs only in
r-direction. This can consderably simplify the analyss. Convective boundary condition and
undeady hea conduction equations given below should be solved to find the time dependent
temperaure profile, T(rt).

—A‘(:}”r'”

-~

or

= (1) (T, () =T ,(1)
1 i'“- (r E‘-F'Er.t}}: 1 133"{3‘,:]
For o celr) it Eqg. 5
General solutions of equaion 5) are provided as Bessal functions for gpecial boundary
condition of abrupt change of Twai. But for time dependent boundary condition like equation
5), closed form solutions are hard to be found. Therefore, numerical solutions are found
usng finite element method in mog practica cases [6]. Once the temperaure profile has
been found, it could be gpproximated as a fourth-order polynomial. Smilarly, thermal sress
arisng from the temperature didribution can be calculaed and subsequently approximated as a
third-order polynomial as follows;

Eq. 4)
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As shown in equaion 6), coefficients of dress formula are directly derived from those of
temperature profile. Once dress didribution from Toase(X,t) Was determined from equation 6),
additional dress due to the exidence of cladding had to be determined. There are two
sources of cladding dress. One is the dress from the difference in therma expanson
between clad and base meas. The other is the dress from the difference between real
temperature in clad, T(xt) and hypothetical temperaure extrapolaed from Toase(Xt) [8].

For a dress didribution given as polynomial functions, corregponding dress intensty factor
could be found as follows;

K, =maW -y C Fa

where C. is the coefficient of each term in dress didribution shown in equaion 6), and

F. is defined as weight function for each terms in dress didribution and depends on variety

of factors like geometry, aspect ratio, flaw orientaion, and flaw depth. For an infinitely long

eccentric cylinder with radius to thickness ratio (Rft) of 10, weight functions are given in

many publications [11-15]. Approprigde weight functions can be used to calculate by
polynomial fitting of the published values.

Therefore, dress intendty factors resulting from the temperature didribution, which
corregpond to Kie in equation 2), can be found usng equaions 6) and 7). Once K. has been
calculated, the maximum alowable dress can be caculaed usng equaion 1) and 3) as
current App. G method.

2.3 Justification of the Alternative Method

A hypothetical reactor pressure vessel was considered to compare the P-T limit curves per
ASME App. G mehod and the alternative method used in this sudy. Assumed RPV is
typical Wedinghouse 2-loop design with inner radius of 1676 mm, thickness of 165 mm, and
clad with dainless deel of 42 mm thick. The maerial properties of the vesse are
summarized in table 1. It should be noted that only the material properties of the base meta
were used for the comparison, because the current App. G mehod does not explicitly

Table 1. Thermo-mechanical properties of the RPV

Material Property Carbon Seel (Bases Sainless deel
& Weld) cladding
Thermal Conductivity, W/m- 40.897 17.238
Specific Heat, KIJKg- 0.5091 0.5259
Density, Kg/m’ 7809.5 78510
Modulus of Eladicity, GPa 182.85 185.26
Thermal Expansion Coefficient, m/m- 13.29E-6 17.12E-6
Poisson's Ratio 0.3 0.3




consider dainless deel cladding in the P-T limit curve condruction. The reaulting P-T
curves, condructed assuming RTvor = 672 , are shown in figure 1. As shown in the
figure, both methods produced smilar P-T limit curves, though current method allowed
dightly higher pressure & the same coolant temperaure.

Cippuanison of the T i curves (CR = 33390, RTNDT = 67,25
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Figure 1. Comparison of the P-T limit curves condructed using
App. G method and the aternaive method

3. RISK ASSOCIATED WITH P-T LIMIT CURVES

3.1 P-T Limit Curves for Various Flaw Sizes

Again, a typical Wedinghouse 2-loop RPV, whose materia properties are shown in table
1, is assumed for the analyss. The radiation embrittlement characteridics are summarized in
table 2. Reference flaws were varied from V4T to 2/10T with semi-eliptical shape with

Table 2. Radiaion embrittlement related properties of the RPV: mean
and dandard deviation.

Parameters Mean Value Std. Dev.
Copper Content, w/o 0.29 0.07
Nickel Content, w/o 0.68 0.05
Initial RTnor, -32.8 0
RTNDT shift Equation Reg. Guide 1.99 Rev. 2 15.6
Fluence a RPV inner surface 3.00 1019/cm2 0.16
Errors in KIC Reference Curve | ASME derived mean 0.15
Errors in KIA Reference Curve | ASME derived mean 0.1

Flux Attenuation, /m 9.45




depth to length raio of 16. The cooldown part of the P-T limit curves condructed for
various reference flaws by dternaive method are shown in figure 2. The effect of reference
flaw sze is not 0 significant a& lower pat of the curves. However, for the upper part of
the curves, the maximum allowable pressures become lower as the reference flav dze
increased.
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Figure 2. Comparison of the P-T limit curves condructed assuming
various flaw sizes using the aternaive method.

3.2 Risks Associated with the P-T Limit Curves

The probabiligic fracture mechanics anayses were performed for the P-T limit curves
shown in figure 2. The overal flow of the probabiligic fracture mechanics analyss is shown
in figure 3. From the given pressure and temperature curves, thermal and dress analyses,
and dress intensty factor calculaion are performed. Especially, as shown in figure 4, the
resdua dress digribution was gpproximated as a third-order polynomial usng published
dudies [5,9].

For given vessls, fagd neutron fluence, flaw sze, Cu and Ni contents, error in RTwor, and
finally fracture toughness values are smulaed with the means and dandard deviations
provided in table 2.  The fracture toughness values are then compared to the applied qress
intensity factors to check whether the flaws initiste and propagate through the RPV wall.
The risk was calculated as two ways, such as initiation probability tha is the number of
initigtion divided by the number of smulaed vessels, and failure probability that is the
number of failure divided by the number of smulaed vessels. It should be noted tha once
initited the flaws were treaed as infinite flaws. Also, if initiged flav grew over 75% of
the thickness of the vessds, it was consdered a failure.



Figure 3. Schematics of probabiligic fracture mechanics anayss
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Figure 4. Comparison of the measured resdual dress didribution and
3-rd order polynomial approximation.

The risks were calculaed for the following cases, for both axial and circumferential flaws;
Case S-0: Reddua dress ignored and a semi-dliptical flaw with discrete sze assumed



Case SR: Resdua dress consdered and a semi-dliptical flaw with discrete sze assumed

Case M-0: Residual dress ignored and a semi-elliptical flaw with Marshal didribution
asumed

Case M-R: Resdua dress considered and a semi-elliptical flaw with Marshall digribution
asumed

Case S-0
Up to a million smulaions, neither
orientations.

initigtion or falure happened for both flaw

Case S-R

The reaults are summarized in table 3. Though initiaion occurred for both flaw
orientations, their probabilities were less than 10°. For both flaw orientations, no failure
occurred up to a million dmulations.

Table 3. Flaw initigtion and failure probabilities depending on the
reference flaw size (resdual dress assumed, with a sngle discrete

flaw gze)

Reference axia flaws circumferential flaws

Flav size Initiation P Failure P Initiation P Failure P
14T < E-6 < E-6 < E-6 < E-6
16T 2.00E-6 < E-6 < E-6 < E-6
V8T 6.00E-6 < E-6 2.00E-6 < E-6
1/10T < E-6 < E-6 < E-6 < E-6

Case M-0
The rewults are summarized in table 4. Compared to table 3, initiation probability

increased subdantially by assuming Marshall flaw didribution. For axial and circumferentia
flaws, flaw initiaiion probabilities were virtually unchanged as the reference flav dze
decreases. The initiation probabilities for the circumferentia flaws are about half of those for
the axial flaws. For both flaw orientations, no failure occurred up to a million smulations.

Table 4. Faw initiation and failure probabilities depending on the reference flaw
sze (no resdud dress, with a flaw with Marshall didribution)

Reference axia flaws circumferential flaws

Flaw size | Initiation P ratio Failure P | Initiation P ratio Failure P
VAT 6.32E-3 1.00 < E-6 3.25E-3 1.00 < E-6
V6T 6.37E-3 101 < E-6 3.20E-3 0.98 < E-6
8T 6.46E-3 1.02 < E-6 3.28E-3 101 < E-6
10T 6.53E-3 1.03 < E-6 3.31E-3 1.02 < E-6




Case M-R

The reaults are summarized in table 5. As for Case M-0, flaw initiaion probabilities were
virtuadly unchanged with reference flaw size.  Also, the initiaion probabilities for the
circumferential flaws were consigently lower than those for the axial flaws. Also, the
initigtion probabilities increased to about 3.5 times (axial flaws) to 4.4 times (circumferentia
flaws) by incorporaing resdua dress. The failure probabilities for the axial flaws increased
by &out 60% when reference flav sze decreases from 24T to ¥10T. This could be
atributed to about 0.05 0.1 MPa higher alowable pressure for ¥ 10T flaws than 24T flaws
on the lower part of the curves, where mod initiations and failures occurred. No failure
happened up to a million smulaions for the circumferential flaws.

Table 5. Flaw initiation and failure probabilities depending on the reference flaw size
(resdua dress assumed, with a flaw with Mardhall didribution)

Reference axial flaws circumferential flaws

Flaw size | Initiation P ratio Failure P ratio Initiation P ratio Failure P
VAT 2.27E-2 100 1.56E-4 100 141E-2 100 < E-6
V6T 2.28E-2 100 1.84E-4 118 144E-2 102 < E-6
8T 2.30E-2 101 240E-4 154 145E-2 103 < E-6
10T 2.33E-2 103 2.50E-4 160 146E-2 104 < E-6

3.3 Summary of the Effects of Reference Flaw Size

When a discrete flaw was assumed, initiaion probabilities were less than 10° and failure
probabilities were less than 10° even with the residua dress incorporated. Assuming a
Marshall flaw didribution subgantialy increased initiagion probabilities.  Incorporation of
resdual dress further increased flaw initiation probabilities by 3.5 - 44 times depending on
the flaw orientation. The effect of resdua dress seems even greaer for the failure
probabilities, increasing from less than 10° to the order of 10* for the axid flaws for the
range of reference flaw sizes. It is evident tha the risks associated with the P-T limit curves
are conddently lower for the circumferential flaws compared to those for the axial flaws.
The difference become even greaer for the falure probabilities, in such tha failure
probabilities for circumferential flavs are less than 10° for all conditions explored in this

paper.

4. INCORPORATION OF CODE CASE N-588

As mentioned above, the risks associated with the P-T limit curves are considerably lower
for the circumferential flaws tha those for the axial flaws. This could be the result of the
current requirement that the P-T limit curves be condructed assuming axially oriented flaw
regardless of the characterigic of the relevant RPVs. When the effects of flaw orientaion is
consdered in calculating the applied dress intensty factors acting on the tip of the V4T
semi-elliptical flaws, the dress intendity factors for the circumferentia flawvs were consderably
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Figure 5. Comparison of applied dress intensty factors a the tip of
axial and circumferential flaws with fracture toughness.

lower than those for the axia flaws, as shown in figure 5. Also, recently, a Code Case [10]
was introduced to deal with this issue by giving credit of, modly, reduced effects of pressure
loading for the circumferentialy oriented flaws. The P-T limit curves were condructed while
consdering the orientation of reference flaws, and shown in figure 6. As shown in the figure,
incorporaion of the flaw orientation resulted in about two-fold increase in the maximum
allowable pressure in the P-T limit curves for circumferentia flaws.

For the P-T limit curves incorporaing flaw orientation effects, the riks were evaluaed for
the four cases previoudy specified and summarized in table 6. As shown in the table, in all
four cases, the initiation probabilities for the circumferential flaws are comparable or less than
those for axial flaws, even with the about twice of the dlowable pressure a the same
temperatures.  Sill, the failure probabilities for the circumferential flaws are far less than
those for axial flaws.

5. SUMMARY AND DISCUSSION

Consdering that RPVs are rigoroudy inspected before and during the operaion of the
nuclear power plants, and subgantial improvement in non-dedructive evauaion for detecting
and measuring the flaws within the RPVs, it is hard to concelve tha any large flaws are
unnoticed. Reflecting such argument, the effects of the smaller reference flavs on the P-T
limit curves for cooldown were examined. Desite of the decrease in applied dress intensity
factors & the tip of the flaws, changes in the maximum allowable pressures are not o
significant for cooldown curves. This could be the result of increased RTwnors due to higher
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Figure 6. Comparison of P-T limit curves incorporating the flaw
orientation effect

Table 6. Comparison of flaw initiation and failure probability of axial and
circumferential flaws when Code Case N-588 is applied

Condition axial flaws circumferential flaws
Flaw Residual | Initiation P | ratio Failure P |Initiation P| ratio Failure P
stress
Single No < E-6 < E-6 < E-6 - < E-6
Single Y es < E-6 < E-6 < E-6 - < E-6
M arshall No 6.32E-3 < E-6 5.44E-3 0.86 < E-6 -
M arshall Yes 227E-2 | 156E-4| 2.14E-2 0.94 1.00E-6 0.01

fluence a the tip of smaller reference flavs. However, for the heatup curves, where outer
aurface flaws are assumed, it is expected tha the maximum allowable pressures increase
somewhat, as bath the gpplied dress intensity factors and RTwotS decrease a the same time.

The riks associated with the P-T limit curves were quantitatively evaluaed using PFM
technigue. When reddua dresses are not consdered, neither flaw initiadion nor failure
happened regardless of the orientation of the flaw (a single reference flaw a the inner surface
of the RPV) used in PFM.

Asauming Marshall flaw didribution resulted in greater flaw initiation probabilities and
failure probabilities than when a dngle discrete flav was assuumed. This is the result of
increased probabilities of small flaws exiding near the inner surface where fracture toughness
of the maerials are low.

In al four cases consgdered in the dudy, falure probabilities of circumferentia flaws are



consigently lower than 10°. This trandaes tha applicaion of axia flaw-based P-T limit
curves could be overly conservaive for the RPVs where the critical materids are
circumferential welds.

This point is confirmed again when flaw orientation is consdered in condructing the P-T
limit curves as described in ASME Code Case N-588. Degpite of about two-fold increase in
preswre, the risks, both initigtion and failure probabilities, associaed with the P-T limit
curves for the circumferential flaws are comparable or lower tha those for the axial flaws.
This could be used to confirm the appropriateness of Code Case N-588 with the informaion
on the riks associgted with the P-T limit curves.

6. CONCLUSIONS

Probabiligic aspects of the cooldown part of the P-T limit curves were evaluated using
probabiligic fracture mechanics technique.
The impacts of the analler reference flaw szes are explored and found tha
- the reaulting P-T limits curves are not much affected by the reference flaws sizes
assumed, and
- the probabiligic evauation resulted in virtualy the same initiaion probabilities as the
reference flaw dze decreases, even when the resdual dress is considered, and
- when residual gress was incorporaed and Marshall flaw didribution was assumed, the
failure probabilities for the axial flaws increased by about 60% as reference flaw size
decreases from 14T to 1/10T, and
- for the RPV's whose controlling materials are circumferential welds, the P-T limit curves
condructed assuming axial flaws are overly conservative from the risk point of view.
When flaw orientation is incorporaed in condructing the P-T limit curves,
- the maximum allowable pressures for the circumferential flaws increased about two-fold,
and
- the riks associaged with the P-T limit curves become comparable for bath flaw
orientations.
Though this qudy is limited to the cooldown part of the P-T limit curves, same approach
can be used for the heatup part of the curves.
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