'8  Vessel Failure Frequencies Estimated for Oconee Unit 1,
Beaver Valley Unit 1, and Palisades

8.1 Chapter Structure
In this chapter, we describe the results of our
probabilistic calculations for Oconee Unit 1,
Beaver Valley Unit 1, and Palisades.
Section 8.2 details the plant-specific features of
each analysis, including both methodology and
input variables. In Section 8.3, we present the

" values of frequency of crack initiation (FCI) and
through-wall cracking frequency (TWCF) that
we have estimated for these three plants, and we
discuss the characteristics of the distributions
from which these values are derived.
In Section 8.4, we examine the material features
that contribute most significantly, and those that
do not contribute at all, to the magnitude of the
FCI and TWCEF values. A key output of this
section is a methodology to express the
embrittlement level of different plants on an
equivalent basis. In Section 8.5, we both
identify the classes of transients (e.g., LOCAs,
MSLBs, and so on) that contribute most
significantly, and those that do not contribute
at all, to the level of PTS challenge at a
particular plant.. Using this information along
with methodology developed in Section 8.4
allows us to determine if plant-specific factors

- need to be considered when assessing the level
of challenge posed to plants by different
transient classes. The chapter concludes with
Section 8.6, which summarizes our findings and
indicates factors that need to be considered if
these findings are to be considered generally
applicable to all PWRs. Issues of general
applicability are examined in more detail in
Chapter 9. '
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8.2 Plant-Specific Features of
Analysis
8.21 PRA
. 8.2.1.1 Analysis Methodology

. In the case of both the Oconee and Beaver

Valley PRA analyses, NRC contractors were
responsible for both constructing the PRA
models and binning the overcooling sequences
into “case” sequences. The PRA models were
constructed from scratch, largely based on
information learned from the 1980s PTS work,
but with numerous improvements. The HRA
portion of the PRA was also initially performed
by the NRC contractors. The corresponding
licensees provided information about each plant
and answered both written and verbal questions
as the PRA model and the PRA/HRA evolved.
In each case, two plant visits took place: one
early in the process to gather plant information,
and a second when interim results were available

to allow licensee review and input.

In contrast, the PRA/HRA analysis for Palisades
derived mostly from an existing licensee PRA
model that already included overcooling

_-sequences. NRC contractors provided

comments on the existing PRA model, a model
that was subsequently modified by the licensee
in response to these comments. Once the
revised PRA model was satisfactory to both the
licensee and NRC contractors, the HRA portion
of the analysis was conducted as a collaborative
effort. This HRA information was included in
the Palisades PRA model, and sequence binning
and frequency estimates were subsequently
performed primarily by the licensee with NRC

. contractor review, input, and slight modification.

Two plant visits were also conducted for the
Palisades analysis: the first for initial project and



plant familiarization, and the second for
conducting the collaborative HRA. As for the
other two plant analyses, numerous discussions
were held between the Palisades staff and NRC
Contractors as the PRA model and PRA/HRA
evolved. Hence, while the same overall
approach was followed to construct all three
PRA/HRA models, the origin of these models
and the key personnel responsible for
constructing them varied from plant-to-plant
8.2.1.2  Inputs

The plant-specific PRAs described in-Section
8.2.1.1 led to the definition of a master list of

" thermal-hydraulic transients. A sub-set of these

transients from this list was defined as the “base
case” for each plant, which represents our best
mathematical description of the conditions at the
plant that could produce a PTS challenge to
vessel integrity. TH cases from the master list
were eliminated from the base case for a number
of reasons, including the following:

e Certain transients were binned together,
making some TH runs redundant, or

o Sensitivity studies revealed that certain TH
cases did not need to be passed on, or

e The minimum temperature remained above
400°F (204°C) within the first ~170 minutes. '
Experience gained from previous analysis of
PTS has repeatedly demonstrated that
transients need to be at least this severe to
make any contribution at all to the
calculated through-wall cracking frequency.
Later examination of TWCF estimates for

-all base case transients revealed that many
transients having lower minimum
temperatures still made no contribution to
TWCEF, thus demonstrating the
appropriateness of this screening limit.

The details of each plant-specific PRA are
summarized in other reports [Kolaczkowski-
Oco, Whitehead-BY, Whitehead-Pal).
Appendix A provides the master list of transients
for all three plants, and also lists the frequency
values for the base-case transients.

822 TH

This section describes the RELAPS models
developed for the Oconee-1, Beaver Valley Unit 1,

- and Palisades plants. The TH analysis

methodology is similar for the three plants.

In each case, the best available RELAPS input
model was used as the starting point to expedite
the model development process. For Oconee,
the base model was that used in the code scaling,
applicability and uncertainty (CSAU) study. For
Beaver Valley, the base model was the H.B. =
Robinson-2 model used in the original PTS
study in the mid 1980s. This model was revised
by Westinghouse to reflect the Beaver Valley
plant configuration. For Palisades, the base
model was obtained from Nuclear Management
Corporation, the operators of the Palisades plant.

- This model was originally developed and

documented by Siemens Power Corporation to
support analysis of the loss of electrical load
event for Palisades.

The RELAPS models for the Oconee, Beaver
Valley, and Palisades plants are detailed
representations of the power plants and include
all major components for both the primary and
secondary plant systems. RELAPS heat
structures are used throughout the models to
represent structures such as the fuel, vessel wall,
vessel internals, and steam generator tubes. The
reactor vessel nodalization includes the
downcomer, lower plenum, core inlet, core, core
bypass, upper plenum and upper head regions.
Plant-specific features, such as the reactor vessel
vent valves, are included as appropriate.

The downcomer model used in each plant
utilizes a two-dimensional nodalization. This
approach was used to capture the possible
temperature variation in the downcomer due to
the injection of cold ECCS water into each of
the cold legs. Capturing this temperature
variation in the downcomer is not possible with
the original one-dimensional downcomer. In the
revised models, the downcomer is divided into
six azimuthal regions for each plant.

The safety injection systems modeled for the
Oconee, Palisades, and Beaver Valley plants |,
include high-pressure injection (HPI),



low-pressure injection (LPI), other ECCS

components (e.g., accumulators, core flood tanks

(CFTs), safety injection tanks (SITs) depending

on the plant de51gnatlon) and makeup/letdown

as appropriate.

The secondary coolant system models include

- steam generators, main and auxiliary/emergency
feedwater, steam lines, safety valves, main
steam isolation valves (as appropriate), and
turbine bypass and stop valves.

Each of the models was updated to reflect the
. current plant configuration including updating
system setpoints (to best estimate values) and
modifying control logic to reflect current
operating procedures. Other changes to the

models include the addition of control blocksto = .

calculate parameters for convenience or
. information only (e.g., items such as minimum
downcomer temperature). The Oconee, Beaver
Valley, and Palisades models were then
initialized to simulate hot full power and hot
zero power plant operation for the purpose of
~ establishing satisfactory steady-state conditions
from which the PTS transient event sequence
calculations are started.

In RELAPS simulations of LOCA event

sequences for the Oconee and Palisades plants.

during which all of the reactor coolant pumps

are tripped and the loss of primary coolant

. system inventory is sufficient to interrupt
coolant loop natural circulation flow, a
circulating flow was observed between the two

- cold legs on the same coolant loop. The

- circulations mix coolant in the reactor vessel
downcomer, cold leg and SG outlet plenum
regions. These RELAPS cold-leg circulations
were originally reported during the first PTS
evaluation study [Fletcher 84, Spiggs 85] and
are significant for the PTS application.. When
the circulation is present the calculated reactor
vessel downcomer fluid temperature benefits
from the warming effects created by mixing the
cold HPI fluid with the warm steam generator
outlet plenum fluid. When the circulation is not
present the calculated reactor vessel downcomer
fluid temperature more directly feels the

_ influence of the cold HPI fluid. Note that both

the Oconee and Palisades plants have a “2x4"

configuration with two cold legs and one hot leg
in each coolant loop. In contrast, the Beaver
Valiey plant has a single hot and cold leg per
coolant loop and this type of circulating flow is
not seen. (See Section 6.3.2 for a further
discussion of this issue.)

Certain experiments used in the assessment
exhibited apparent indications of cold leg
circulations very similar to those simulated with
RELAP5. However, the experimental evidence
was not judged to be conclusive and concerns
(related to circulation initiation and the
scalability of the behavior from the sub-scale
experiment to full-scale plant configurations)
remain regarding the veracity of these
circulations. Because of these concerns and
because the effect of including cold leg
circulations in the RELAPS simulations is
nonconservative for PTS (i.e., it results in
warmer reactor vessel downcomer
temperatures), same-loop cold leg circulations
were prevented in the RELAP5 PTS plant
simulations for LOCA events. The cold leg
circulations were prevented by implementing
large reverse flow loss coefficients (1.0ES,
based on the cold leg pipe flow area) in the
reactor coolant pump regions of the RELAPS
model. The model change is implemented at the.
time during the event sequence when the reactor
coolant pump coast-down is complete.

A tabulation of the key parameters for the three
study plants relevant to PTS is presented in
Table 8.1, while [Arcieri-Base] explains the TH
models in detail.

8.2.3 PFM

A separate report [ Dickson-Base] provides full
details of the plant-specific input values for each
of the three plants. These inputs include the
following: :

. Composition and Mechanical Property Data:

As detailed in Section 7.7.1.2 of this report
and in Appendix D of [EricksonKirk-PFM)
FAVOR models the uncertainty in the input
variables of Cu, Ni, P, unirradiated RTnpr, -
and unirradiated Charpy upper shelf energy.
The data on which the distributions that



FAVOR samples are based are drawn from
all data available for the entire population
of RPV-grade ferritic steels and their

-weldments.. Consequently, these
distributions overestimate (sometimes
significantly so) the degree of uncertainty in
these input variables relative to that
characteristic of a particular weld, plate, or
forging in a particular PWR. The mean

- values of Cu, Ni, P, unirradiated RTypr, and
unirradiated Charpy upper shelf energy
about which these distributions are located
are modeled as being specific to the '
particular welds, plates, and forgings in-the
particular plants. These input values, which

are summarized in Table 8.2 are drawn from '

the NRC’s Reactor Vessel Integrity
Database [RVID2]. RVID2 was developed
based on information obtained from licensee
responses to NRC Generic Letter 92-01,
Revision 1 and its 1995 supplement
[GL9201R1, Strosnider 94, GL9201R1S1].
GL-92-01 was issued to resolve questions
arising-out of the staff’s review of the
Yankee Rowe PWR in the early 1990s. In
reviewing the licensee’s submittal, the staff
noted that chemical composition and
reference temperature information was not
available for the specific materials from
which Yankee was constructed. To prevent

" . occurrence of this problem at other plants

GL-92-01 required licensees to provide to
the NRC all of their vessel-specific
composition and mechanical property data.
The 1995 supplement to GL-92-01
[GL9201R1S1] continued and broadened
this data collection effort when the staff -

noted that licensees were not always able to

consider all pertinent data in their submittals
because of both proprietary issues associated
with some data sets and because no single

_source of all the material property data

" needed to support reactor vessel integrity
evaluations existed. . As the consolidation of
all the data obtained in response to GL-92-
0! Rev. 1 (and its 1995 supplement) the
information in RVID2 (and, consequently, .
in Table 8.2) provides a sound basis for the

" compositional and mechanical property
models adopted in FAVOR. :

8.3

e Flaw Data: As described in Section 7.5 and
detailed by [Simonen], flaw distributions -
have been derived that apply to domestic -
PWRs in general. Nonetheless, these . =
distributions have certain plant-specific -
aspects. Table 8.3 summarizes the variables
that quantify the plant-specific features of
the flaw distribution, and the basis for these
“variables.

e Locations of Welds. Plates, and Forgings
- within the Vessel Beltline, and Fluence:
Plant-specific information is needed
- regarding the spatial arrangement of the
. different welds, plates, and forgings and on
- the variation of fluence throughout the
beltline region of the vessels. Figure 8.1
" provides an example of such information for
Oconee Unit 1; see [Dickson-Base] for full
details. Information régarding the spatial
- arrangement of the different welds, plates,
~ and forgings is taken from construction
- drawings while fluence estimates are based
on RG1.190 procedures. (See Section 7.6 of
this report and [EricksonKirk-PFM) for
details.)

Only those factors discussed above are defined
on a plant-specific basis in this analysis. All
other features not mentioned are justified as
generic and treated as such. Details on models
and variables treated generically can be found in
Chapter 7, as well as in [EricksonKirk-PFM,
EricksonKirk-SS]

Estlmated Values of FCI and
- TWCF '

This section begins with a presentation of our
estimates of the annual frequencies of crack
initiation (FCI) and through-wall cracking
(TWCF) resulting from PTS for our three study
plants for a range of embrittlement conditions
(Section 8.3.1). We then examine the

-characteristics of the distributions that underlie

these FCI and TWCEF values (Section 8.3.2).
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'8.3.1 Overall Resulfs

- Table 8.4 presents FAVOR Version 04.1
estimates of the mean annual FC/ and mean

- annual TWCF for Oconee Unit 1, Beaver Valley

+4+

Unit 1, and Palisades at 32 and 60 EFPY*+.

To estimate values of these metrics close to the
TWCF limit of 1x10°® events/year proposed in

- Chapter 10, it was necessary to increase the
amount of irradiation damage beyond that likely
during operational lifetimes currently considered
possible. To do so, we performed analyses for
'some very long operating lifetimes (designated
as Ext-A and Ext-B in the table), thereby )
increasing the fluence and, consequently, the
irradiation damage. The range of irradiation
exposures examined includes conditions both
below and above the current 10 CFR 50.61
RTprs screening limits.

The results in Table 8.4 demonstrate that evén at
the end of license extension (60 operational
years, or 48 EFPY at an 80% capacity factor) the
mean estimated through-wall cracking frequency
(TWCF) does not exceed 2x10°%/year.
Considering that the Beaver Valley and
Palisades RPVs are constructed from some of
the most irradiation-sensitive materials in
commercial reactor service today, these results
suggest that, provided operating practices do not

change dramatically in the future, the operating -

reactor fleet is in little danger of exceeding the
TWCF acceptance criterion of 5x10°%/yr
expressed by Regulatory Guide 1.154 [RG
1.154]*%, even after license extension.

% The table also includes a number of different
reference temperature metrics, the 51gmﬁcance
of which-is discussed in Section 8.4.

. Specifically, Section 9 of Regulatory Guide ‘
1.154 makes the following statement: “This
Regulatory Guide outlines the analyses that
should be performed in support of any request to
operate at RTprs values in excess of 270 F ...
and states that the staff”s primary acceptance
criterion will be licensee demonstration that
through wall cracking frequency will be below
5x10° per reactor year for such operation.”

8.3.2 Distributipn Characteristics

~ To present our analysis results for all three

plants in as compact a format as.possible, we
report only mean values of FCI and TWCF in
Table 8.4. Nonetheless, since a systematic

.treatment of uncertainties is key to our objective

of developing a risk-informed revision to

10 CFR 50.61, it is important to examine the
characteristics of the distributions that underlie
these mean values. As illustrated in Figure 8.2
using Beaver Valley as a characteristic example,
the TWCF distributions are both very broad and
highly skewed toward zero. As described in the
following sections, both the skewness and the
spread in these results are expected because both
of these characteristics result directly from the
physical features of cleavage fracture.

8.3.2.1 Skewness in the TWCF
Distribution

The skéwness in the TWCF distributions

illustrated in Figure 8.2 results directly from the
physical nature of cleavage crack initiation and -
arrest. The crack initiation (K,.) and crack arrest
(K1,) toughness distributions both have finite
lower bound values that are physically justified
[EricksonKirk-PFM). The following three _
mathematical conditions all lead to a likelihood
of through-wall cracking that is zero by
definition (not just a very small number):

e If the applied-K; value for a particular - .
FAVOR simulation run (i.e., a particular - -
crack in a particular location subjected to a
particular TH transient) never exceeds the
0" percentile K. value, then the crack has
zero probability of crack initiation and
(consequently) zero probability of through-
wall crackmg '

L lf the applied-K; value for a partlcular

" simulation run exceeds the 0" percentile K,‘
value, but exceeds it at a time when the
applied-X; value is dropping with time (i.e.,
dK,/dt < 0), then warm pre-stress has
occurred and the crack has zero probability

" of crack initiation and (consequently) zero -

probability of through-wall cracking.



If the applied-K; value for a particular -
simulation run exceeds the minimum Kj at a
time when the applied-K; value is increasing

. with time (i.e., dK/dt > 0), then the crack
has a non-zero probability of crack
initiation. - However, if while the crack is
propagating through the RPV wall, the

- applied-K] value falls below the minimum
K, value then the crack arrest must occur.
Such a crack would provide no contribution

" to the through-wall cracking frequency.
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Table 8.1.

Summary of Plant Parameters Relevant to the PTS Evaluation

2530 MWt

| Reactor thermal | 2568 MWt 2660 Mwit
power '
Primary code 17.34 MPa (2515 psia) 17.27 MPa (2505 Three valves with
safety valve . psia) staggered opening
opening pressure setpoints of 17.24, 17.51
and 17.79 MPa (2500,
. 2540 and 2580 psia). .
Primary code Two valves each witha | Three valves each Three valves each with a-
safety valve capacity of 43.47 kg/s with a capacity of capacity of 28.98 kg/s
capacity (345,000 Ibm/hr) at 16.89 | 62.77 kg/s (498,206 | (230,000 Ibm/hr) at 17.75
MPa (2450 psia). Ibmvhr) at 17.24 MPa | MPa (2575 psia).
{2500 psia). .
Pressurizer 17.0 MPa (2465 psia) The first PORV is Two valves, both with an
PORYV opening . controlled by a opening setpoint
pressure compensated error pressure of.16.55 MPa
signal. The error (2400 psia). Note that.
{pressurizer pressure | closed block valves
—15.51 MPa (2250 | prevent the function of
psia) is processed pressure relief through
with a proportional . | these valves during
1 plus integral normal plant operation.
controller. This :
PORYV begins to
open when the
compensated error is
> 0.69 MPa (100 psi)
and closes when the
compensated
pressure error < 0.62
MPa (80 psi). The
second and third
PORVs open when
the pressurizer
pressureis > 16.2
MPa (2350 psia) and
close when pressure
< 16.1 MPa (2340
psia). :
PORYV capacity Estimated flow rate is Three valves each Two valves each with a
16.03 kg/s (127,000 with a capacity of capacity of 61.46 kg/s
Ibm/hr) at 16.9 MPa 26.46 kg/s (210,000 | (487,800 Ibm/hr) at 16.55
(2450 psia). lbm/hr) at 16.2 MPa | MPa (2400 psia).
(2350 psia)




LPJ injection
actuation setpoint

| 3.89 MPa (550 psig).

| SIAS signal:

pressurizer pressure
<12.72 MPa (1845
psia), high steamline -
DP (steamline
pressure < header
pressure by 0.69
MPa (100 psi) or
more), or steamline
pressure < 3.47 MPa
{503 psia).

Pressurizer pressure less
than 10.98 MPa (1593
psia) with a 27-second
time delay.

LPI pump shutoff
head '

1.48 MPa (214 psia) .

1.48 MPa (214.7
psia) :

1.501 MPa (217.7 psia).

LPI pump runout | 504.5kg/s (1110 lbm/s) | 313.4 kg/s (690.84 433.5 kgfs (955.7 tbm/s)

flow - " | total -for two pumps. lbm/s) total for the total for the four loops.
three loops. '

HP! injection 11.07 MPa (1605 psia) SIAS signal: Pressurizer pressure less

actuation setpoint

pressurizer pressure
<12.72 MPa (1845
psia), high steamfine

| DP (steamline.

pressure < header
pressure by 0.69
MPa (100 psi) or
more), or steamline
pressure <3.47 MPa
{503 psia).

than 10.98 MPa (1593
psia) with a 27-second
time delay.

HP! pump shutoff
head

> 18.61 MPa (2700 psia).

>17.93 MPa (2600
psia)

8.906 MPa (1281.7 psia).

HP! pump runout
flow

80.9 kg/s (178.2 Ibm/s)
total for the four loops.

61.12 kg/s (134.7
Ibm/s) total for the
three {oops.

86.49 kg/s (190.7 Ibm/s)
total for the four loops.

Reactor coolant
pump trip setpoint

No automatic trips on the
reactor coolant pump.
Operator is assumed to
trip RCPs at 0.28 K
{0.5°F) subcooling.

No automatic trips on
the reactor coolant.
pumps. Operator is
assumed to trip
RCPs when the
differential pressure
between the RCS
and the highest SG
pressure was less
than 2.58 MPa (375.

psig).

RCPs (one in each loop)

‘| MPa (18.4 psia).

No automatic pump trips.
Procedures instruct the
operators to trip two

if pressurizer pressure .|
falls below 8.96 MPa
(1300 psia) and to trip all
pumps if RCS subcooling
falls below 13.9 K (25°F)
or if containment _
pressure exceeds 0.127

SG safety valve
bank opening
pressure

The lowest relief valve
setpoint is 6.76 MPa
(980 psia). ’

The lowest relief
valve setpoint is 7.51
MPa (1090 psig).

The lowest MSSV
opening setpoint
pressure is 7.087 MPa
(1029.3 psia).

SG atmospheric
steam dumps
opening criteria

Not inciuded in the
RELAPS model. _‘

Opening pressure of
7.24 MPa (1050 .
psia).. '

.average temperature to
551 K (832°F)-

Open to control the RCS




.Number of main None. One per steam line. | One per steam line.
steam isolation ' : :
-valves : :
Location of None. Located in SG outlet | Located in SG outlet
steamline flow nozzles. nozzles.

restrictors

Isolation of Isolated during MSLB by | Requires manual Requires manual
turbine-driven isolation circuitry operator action and | operator action and
EFW/AFW pump would be done if | would be done if needed
during MSLB needed fo maintain | to maintain SG level.

SG level

Analyzed range of
.| Siwater
temperature

Base case model
assumptions for HP| and
LPi nominal feed
temperature.is 294.3 K
(70°F). CFT temperature
is 299.8 K (80°F).

Sensitivity cases for
ECCS temperature due
to seasonal variation:

Summer Conditions
HPI, LPi-3026 K
(85°F) _
CFT-310.9 K (100°F)

Winter Conditions
HPI, LPI - 2776 K
{40°F)

CFT -294.3 K(70°F)

Base case model
assumptions for HP!
and LP] nominal feed
temperature is

283.1 K(50°F). CFT
temperature is

305.4 K (90°F).

Sensitivity cases for
ECCS temperature
due to seasonal
variation:

Summer Conditions
HPI LPI -2859K
(55°F)
CFT-~3137K
(105°F)

Winter Conditions

Base case model
assumptions for HP| and
LP! nominal feed
temperature is 304.2 K
(87.9°F). SIT
temperature is 310.9 K
{100°F).

Sensitivity cases for
ECCS temperature due
1o seasonal variation:

Summer Conditions
HPI, LP1-3108K
(100°F)

SIT - 305.4 K (90°F)

HPL, LP1-2776 K
(40°F)
SIT - 288.7 K (60°F)

| Refueling water
storage tank
water volume -

Borated water storage
tank water volume is
327,000 gallons
(1,237,695 1)

Tank's useabie
volume is between
1627.7 and 1669.4
m” (430,000 and
441,000 galions).

885.5 m° (235,000
gallons)

Containment
spray actuation
setpoint and flow -
rate

Total containment spray
flow rate is 3,000 gpm
{11355 ipm {1500
gpm/pump, 5678
lpm/pump)

Total containment
spray flow is 334.4
liter/s (5300 gpm)

| Containment spray is

activated on high
containment pressure at
0.127 MPa (18.4 psia).
Total containment spray
rate is 222.8 liters/s
(3643 gpm).

CFT/accumulator
water volume

2-tanks each with a water
volume of 28,579 liters
(7550 gallons)

‘3 accumulators each
with a liquid volume
of 29,299 liters (7740
gallons)

"| volume of 29450 liters

4 SiTs each with a water

(7780 gailons).

CFT/SIT/
accumulator
discharge
pressure

4.07 MPa (590 psia) -

4.47 MPa (648 psia)

148 MPa (214.7 psia)

.89



Product
Form

Coolant. Temperata

Heat

_Table 8.2.

2 347°F iVessel Thickness

Beltline

RTvore I°Fl

Method

. Plant specific material values drawn from the RVID2

database [RVID2] .

I Composition™

INTERMEDIATE SHELL B6607-1

Ca381.1 83.8 |MTEB 5-2 3] 0 | 0.14 0620015 90
oLarg IC2381-2 |INTERMEDIATE SHELL B6607-2 | $43 |MTEBS2 73 0 ] 0.14] 062 0015 54
AL 156292-2 - JLOWER SHELL B7203.2 8.8 |MTEB 5-2 20 0| 0.4 0570015 &4
Ce317-1  ILOWER SHELL B6903-1 727 |MTEB 5.2 > 0 | 02 054 001 50
LINDE fsos414 ~ [OWER SHELL AXIAL WELD 753 |Generic 56 1710337 0.609] 0.012 98
1092 20714 __ _ _
WELD |s05424  |bTERSHELLAXIALWELDIS: | 995 lGeneric .56l 17 | 0273 0629 0.013 12
LINDE T - - -
90136 CIRC WELD 11-715. 6.1 |Generic 56 17 | 0269 0.07 0.013 44

81 .

Generic

.  B&W 1. _
FORGING 31500 [LOWER NOZZLE BELT @ ooy 33t | 0.16 0.65 0.006 109
e - - BEW X ) .
21972 [INTERMEDIATE SHELL @ e 1| 269 | 015l 0.5 0.008
28001 |LOWER SHELL @ [BEW 1| 269 | 011] 063 0.012] 81
iGeneric o ) R i
PLATE C2800-2  |LOWER SHELL 69.9 [BEW 1| 269 | 011l 0630012 19
iGeneric
R . e [BEW . g |
3265-1  |UPPER SHELL il 1| 269 | 03] 050015 108
JeNCnC .
C3278-1  |UPPER SHELL @) [BEW 1 269 | 012 04 001 81
iGenceric
INTERMEDIATE SHELL AXIAL | . |B&W - -
tpoge2 T ERMEDIATE 194 |28V -5 197 | 021 0640025 70
INT./UPPER SHL CIRC WELD BE&W .
- 1. R R ,
2914 LOUTSIDE 39%) WE-25 ) |Generic 7] 206 | 034 068 ) 8
” NOZZLE BELT/INT. SHELL CIRC B&W 1 -
61782 N @ e -5 197 | 023 052 0013 80
_ - INT/UPPER SHL CIRC WELD ~[ASME NB- . "
uNDE0 [12% lINSIDE 61%) SA-1229 764 b33 0 | 02 055002 ¢
WELD [ GPPER/LOWER SHELL CIRC B&W 4 an | oom -
72445 WELD SA 1558 @) Joon -5l 197 | 022 054 0016 65
: LOWER SHELL AXIAL WELDS . [Baw 1 g - "
smizez SOV R SHE 755 loon 5 197 | 019 0370017 20
! ; -
§T1762.  |-PPER SHELL AXIAL WELDS SA-) ,, [B&W s 197 | 049 057 0.017 70
1493 Generic
11762 |COWER SHELL AXIAL WELDS | 755 [B&W T 07 | ouel 07l 00t7 i

PLATE

(4) IMTEBS-2. 5000 | 024 057 001 §7
D-3804-3 @) MTEB 52 25 0 | 042 055 001 7
D:3803-3 (@) [ASMENB- sl 0 | 024 05001 102

2331
1279 [D-3803-1 77 POMENE S0 | 024 0510009 102
C1308A  [D-3804-1 @ [OMENE o o | 019l 04s0.016 7
D-3804-2 0] 0 | 019 03 0015 7

C-15088

{4y |MTEBS-2
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Product .
Form Beltline RT<orrim
Method
LINDE
0124  [27204 CIRC. WELD 9-112 76.9 |Generic s6| 17 | 0203 1.018] 0.013 o8
WELD
348009 ng‘z’/ECRSHELLAX‘AL WELD3- | 26 1 |Generic 6| 17 [0.192 098 (3 i
LINDE
1002 |ws2tg  (-OWER SHELLAXIALWELDS 34 99 leneric se| 17 | 0213 1010019 18
WELD 12A/C
INTERMEDIATE SHELL AXIAL )
ws21a  [TERMEDIATE S 729 |Generic sel 17 | 0213 1.01] 0.019 18
Notes:

(1) Information taken directly from the July 2000 release of the NRC’s Reactor Vessel Integrity
(RVID2) database.

(2) These composition values are as reported in RVID2. In FAVOR calculations these values should

(3) No values of phosphorus are recorded in RVID2 for these heats. A generic value of 0.012 should

be treated as the central tendency of the Cu, Ni, and P distributions detailed in [EricksonKirk-PFM).

be used, which is the mean of 826 phosphorus values taken from the surveillance database used

by Eason et al. to calibrate the embrittlement trend curve.

(4) No values strength measurements are available in PREP4 for these heats [PREP]. A value of
77 ksi should be used, which is the mean of other flow strength values reported in this Table.



Table 8.3.

Variable

Summary of vessel specific inputs for the flaw distribution

1 Be r L
Oconee ' Beaver | Palisades
o Valley , "~

" Calvert '
_ Cliffs

ner Radito cladding) [in] 85.5 78.5 86 86 | Vessel specific info
Base Metal Thickness [in] 8.438 7.875 8.5 8.675 | Vessel specific info
Total Wall Thickness . [in] 8.626 8.031 8.75 8.988 | Vessel specific info
able JCO - = » plé
Volume fraction [%)] 97% 100% - SMAW% - REPAIR%
Thru-Wall Bead . All plants report plant-specific
Thickness fin] | 0.1875 0.1875 0.1875 0.1875 dimensions of 3/16-in.
Judgment. Approx. 2X the
Truncation Limit fin] 1 size of the largest non-repair

flaw observed in PVRUF &
Shoreham.

Buried or Surface

All flaws are buried

Observation

Circ flaws in circ welds, axial flaws in axial

Observation: Virtually all of
the weld flaws in PVRUF &
Shoreham were aligned with

Orientation - welds. the welding direction because
they were lack of sidewall
SAW fusion defects.
Weld Density basis - Shoreham density Highest of observations

Aspect ratio
basis

Shoreham & PVRUF observations

Statistically similar
distributions from Shoreham
and PVRUF were combined
to provide more robust
estimates, when based on
judgment the amount data
were limited and/or
insufficient to identify different
trends for aspect ratios for
flaws in the two vessels.

Depth basis

Shoreham & PVRUF observations

Statistically similar
distributions combined to
provide more robust
estimates

Variable

Volume fraction

~ ! Beaver o . " Calvert |
| { (
. Oconee | Valley ;_Pallsades . Cliffs |

1%

Upper bound —'

specific info provided by
Steve Byrne (Westinghouse —
Windsor).

Thru-Wal! Bead
Thickness

[in]

0.21 0.20 0.22 0.25

Oconee is generic value
based on average of all
plants specific values
(including Shoreham &
PVRUF data). Other values
are plant-specific as reported
by Steve Byrne.

Truncation Limit

fin]

Judgment. Approx. 2X the
size of the largest non-repair
flaw observed in PVRUF &
Shoreham.




Buried or Surface

All flaws are buried

Observation

Orientation

Circ flaws in circ welds, axial flaws in axial
welds.

Observation: Virtually all of
the weld flaws in PVRUF &
Shoreham were aligned with
the welding direction because
they were lack of sidewall
fusion defects.

Density basis

Shoreham density

Highest of observations

Aspect ratio
basis

Shoreham & PVRUF observations

Statistically similar
distributions from Shoreham
and PVRUF were combined
to provide more robust
estimates, when based on
judgment the amount data
were limited and/or
insufficient to identify different
trends for aspect ratios for
flaws in the two vessels.

Depth basis

Shoreham & PVRUF observations

Statistically similar
distributions combined to
provide more robust
estimates

Variable

Volume fraction

(%]

' Oconee

T Beaver . .. . @ (
' | valiey ' Palisades oy

2%

i ent.oundd

integral percentage that
exceeds the repaired volume
observed for Shoreham and

for PVRUF, which was 1.5%.

Thru-Wall Bead
Thickness

[in]

0.14

Generic value: As observed
in PVRUF and Shoreham by
PNNL.

Truncation Limit

[in]

Judgment. Approx. 2X the
largest repair flaw found in
PVRUF & Shoreham. Also
based on maximum expected
width of repair cavity.

Buried or Surface

All flaws are buried

Observation

Orientation

Circ flaws in circ welds, axial flaws in axial
welds.

The repair flaws had complex
shapes and orientations that
were not aligned with either
the axial or circumferential
welds; for consistency with
the available treatments of
flaws by the FAVOR code, a
common treatment of
orientations was adopted for
flaws in SAW/SMAW and
repair welds.

Density basis

Shoreham density

Highest of observations
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Aspect ratio
basis

Shoreham & PVRUF observations

Statistically similar
distributions from Shoreham
and PVRUF were combined

to provide more robust
estimates, when based on
judgment the amount data
were limited and/or .
insufficient to identify different
trends for aspect ratios for
flaws in the two vessels.

Depth basis

Shoreham & PVRUF observations

Statistically similar
distributions combined to
provide more robust
estimates

Cladding

Actual Thickness

(in]

0.188 0.25 0.313

Vessel specific info

# of Layers

(#

Vessel specific info

Bead Width

(in]

Bead widths of 1 to 5-in.
characteristic of machine
deposited cladding. Bead
widths down to %2-in. can
occur over welds. Nominal
dimension of 1-in. selected
for all analyses because this
parameter is not expected to
influence significantly the
predicted vessel failure
probabilities. May need to
refine this estimate later,
particularly for Oconee who
reported a 5-in bead width.

Truncation Limit

(in]

Actual clad thickness rounded to the nearest
1/100™ of the total vessel wall thickness

Surface flaw
depth in FAVOR

(in]

0.263 0.360

0.259 0.161

Judgment & computational
convenience

Buried or Surface

All flaws are surface breaking

Judgment. Only flaws in
cladding that would influence
brittle fracture of the vessel
are brittle. Material properties
assigned to clad flaws are
that of the underlying
material, be it base or weld.

Orientation

All circumferential.

Observation: All flaws
observed in PVRUF &
Shoreham were lack of inter-
run fusion defects, and
cladding is always deposited
circumferentially

No surface flaws observed. Density is
1/1000™ that of the observed buried flaws in

Density basis - cladding of vessels examined by PNNL. If | Judgment
there is more than one clad layer then there
are no clad flaws.
ﬁas's)izd ratio - Observations on buried flaws Judgment
Depth of all surface flaws is the actual clad
Depth basis - thickness rounded up to the nearest 1/1 oo™ Judgment.

of the total vessel wall thickness.




Beaver Calvert

Variable Oconee Valley Palisades Cliffs Notes
Judgment. Twice the depth
Truncation Limit [in] 0.433 of the largest flaw observed in
all PNNL plate inspections.
Buried or Surface | - All flaws are buried Observation
Observation & Physics: No
; observed orientation
Orientation - lgﬁguﬁzgfeﬁl?‘arlﬁ;elg:r:“;sx;rle preference, and no reason to
Plate ' ’ suspect one (other than
laminations which are benign.
Density basis __ | 1/10 of small weld flaw density, 1/40 of large | Judgment. Supported by
weld flaw density of the PVRUF data limited data.
apect ralig " Same as for PVRUF welds Judgment
. _ Judgment. Supported by
Depth basis Same as for PVRUF welds iimited. data.
oS
g 08 4
o8
o 45 20 135 180 225 270 315 360
10 Azimnuth (Degrees)
1% il
Piate C2187 3 Piate C2197
£ I
(' Lt
; 0 fg Plate C3265 . Plate €3278
, w}
j .
. 3588
2 Plate C2800 | Plate C2800
o

13 L 0¢ 04 82 00

Fumee {1IE' 9003

Figure 8.1. Rollout diagram of beltline materials and representative fluence maps for Oconee



Table 8.4. Mean crack initiation and through-wall cracking frequencies estimated for Oconee Unit 1,
Beaver Valley Unit 1, using FAVOR Version 04.1
Reference
Axial Weld Fusion Line Temperatures
Reference Temperatures slvaluated at
[°F] ax Fluence
RT on Vfos',:sel ID MFecaln m(a:r;:
1 PTS
Plant EFPY [°F]? : [events/ | [events/
Max Max Weld year] year]
RTNDT RT Length Circ
inan inN:T Weighted | Plate | \o "
Axial Plate Max
Weld RTyor
32 221 152 76 134 79 175 1.29E-10 | 2.30E-11
Oconee 60 250 171 86 149 89 193 1.02E-09 | 6.47E-11
Ext-Oa 323 232 131 200 136 251 1.01E-07 | 1.30E-09
Ext-Ob | 329 263 161 227 170 281 5.24E-07 | 1.16E-08
32 280 155 192 171 243 83 1.32E-07 | 8.89E-10
Beaver 60 299 175 210 188 272 102 5.19E-07 | 4.84E-09
Valley Ext-Ba 308 188 225 203 301 121 1.71E-06 | 2.02E-08
Ext-Bb 312 207 250 226 354 155 8.87E-06 | 3.00E-07
32 283 212 180 210 189 201 5.22E-08 | 4.90E-09
Palisades 60 311 230 196 227 205 215 1.23E-07 | 1.55E-08
Ext-Pa 358 277 246 271 259 254 7.46E-07 | 1.88E-07
Ext-Pb 372 333 316 324 335 301 4.47E-06 | 1.26E-06
1. All plants were analyzed for operational durations of 32 and 60 EFPY (or 40 and 75 operational
years, respectively, at an 80% capacity factor. Each plant was also analyzed at two extended
embrittlement levels (Ext-Oa and Ext-Ob for Oconee, for example) with the aim of obtaining
mean through-wall cracking frequency values closer to the 1x10°® limit proposed in Chapter 10.
2. RTprsis defined as per the equations and procedures of 10 CFR 50.61. Limiting materials in
Oconee, Beaver Valley, and in Palisades are circumferential weld SA-1229, plate 6317-1, and
axial weld 2-112 A/C, respectively.

In practice, these mathematical conditions are
satisfied most of the time in the Monte Carlo
simulations conducted using FAVOR (78% of
the time in Beaver Valley at 32 EFPY, for
example) because the simulated crack is small,
the simulated toughness is high, and the
simulated TH transient does not produce a very
severe stress state in the RPV wall. However,
on rare occasions, a larger crack will be
simulated in a lower toughness material and
subjected to a more severe transient. In these
situations, the likelihood of developing a
through-wall crack is higher. However, this
combined sampling of the upper tails of many
distributions happens only rarely.
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8.3.2.2  Large Spread in the TWCF

Distribution

The TWCEF distributions illustrated in Figure 8.2
are very broad, spanning three or mode orders of
magnitude from minimum to maximum. This
characteristic again relates to the physics of
cleavage fracture. As discussed in Section
8.3.2.1, the absolute lower bounds associated
with both the K. and K, distributions leads to a
large number of the Monte Carlo simulations
producing a through-wall cracking probability
that is, by definition, zero. However, on rare
occasions, the tails of many distributions are
sampled in the same simulation run, resulting in
a larger crack being simulated to occur in a
lower toughness material. This combined




possibility of both zero and higher probabilities
of TWCF leads to TWCF distributions that are
naturally broad. As illustrated in Figure 8.2,

the TWCF distributions tend to compress as the
plants age because the more embrittled materials
in these plants are less likely to produce
through-wall cracking frequencies that are either
very low, or zero.

78.4% at
TWCF=0

.
g >
2
$
2
€
=]
o
52
.1E-00 1E-07 1E-05 1E-03
Thru-Wall Cracking Frequency, TWCF
Figure 8.2. Typical distribution of through-wall

cracking frequency (as calculated
for Beaver Valley at 32 EFPY
(blue circles) and for extended
embrittlement conditions

(red diamonds)

TRy .

100

80

Percentile of Mean TWCF Value
8§ 8883

—0— Oconee
20 . O Beaver Valley
10 j | A Palisades |
o « |
100 200 300 400

Maximum RTnpr Along Axial Weld
Fusion Line [°F]

TWCEF distribution percentile
corresponding to the mean value

Figure 8-3.

Because of the skewness characteristic of the
TWCEF distributions, the mean values reported in
Table 8.4 do not lie close to the median value of
the underlying distributions. In fact, as
illustrated in Figure 8-3, mean TWCF values
generally correspond to the ~90" percentile (and
usually higher) over the range of embrittlement
studied. Thus, the mean TWCF values are
appropriately used to establish a revised PTS
screening limit suitable for regulatory use.

8.4 Material Factors Contributing

to FCI and TWCF

This section begins (in Section 8.4.1) with a
discussion of the flaws simulated by FAVOR to
exist in the RPV and the toughness properties
that control the behavior of those flaws (i.e., if
the flaw initiates, if the flaw propagates through
the RPV wall). These considerations lead to
several proposed “reference temperature
metrics” that are can be used to correlate and/or
predict the likelihood of fracture occurring in the
various regions (axial weld, circumferential
weld, plate) of the RPV beltline. We then
discuss (in Section 8.4.2) the contribution of the
various RPV beltline regions to the estimated
FCI and TWCEF values. In Section 8.4.3, we
propose a procedure that accounts, at least
approximately, for the different embrittlement
levels in the three study plants to enable the
comparison of similar transients at different
plants presented in Section 8.5. We conclude in
Section 8.4.4 with a discussion of how these
results differ from those reported in December
2002 [Kirk 12-02].

8.4.1 Flaws Simulated by FAVOR, and
Reference Temperature Metrics

When performing a structural flaw assessment,
the location of the flaw or flaws being assessed
needs to be known (along with many other
factors) so that the resistance to fracture of the
material at the flaw location can be either
measured or estimated. The situation in this
study differs somewhat from a routine flaw
assessment because the flaws are simulated, and
because hundreds upon thousands of flaws are
being assessed. Nonetheless, the objective here



is to correlate and/or predict the metrics that
quantify the vessel’s resistance to fracture:

CPI Conditional Probability of Crack
Initiation. This is the probability that
a crack will grow from its original
size, conditioned on the assumed

occurrence of a particular transient.

CPTWC Conditional Probability of Through-
Wall Cracking. This is the probability
that a crack will grow from its original
size to the point that it propagates
completely through the vessel wall,
conditioned on the assumed
occurrence of a particular transient.

Frequency of Crack Initiation. This is
the matrix product of the CPI value
for each transient (including its
uncertainty distribution) with the
estimated frequency of that transient
occurring (including its uncertainty
distribution). FCI values are
expressed per year.

FCI

Through-Wall Cracking Frequency.
This is the matrix product of the
CPTWC value for each transient
(including its uncertainty distribution)
with the estimated frequency of that
transient occurring (including its
uncertainty distribution). TWCF
values are expressed per year.

TWCF

In order to correlate and/or predict these metrics
to quantify the vessel’s resistance to fracture,
some measure of the resistance of the materials
in the vessel to fracture at the location of these
many flaws is needed. A reference temperature
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(RT) establishes the resistance of a material to
fracture, the variability in this resistance, and
how this resistance varies with temperature.

As described in [EricksonKirk-PFM] and as
illustrated schematically in Figure 8-4,

a reference temperature is commonly thought of
as positioning the cleavage fracture toughness
transition curve on the temperature axis.
However, because relationships exist that
establish the position of the arrest transition
curve and of the upper shelf curve with respect
to the cleavage reference temperature

(see [EricksonKirk-PFM] for a full discussion),
the toughness of ferritic steels can be fully
descried by this single reference temperature.
Since RT values can be estimated from
information on vessel materials available in the
RVID database [RVID2] and from information
available from surveillance programs
implemented under Appendix H to

10 CFR Part 50, they provide a way to estimate
the resistance of vessel materials to fracture and
how this resistance diminishes with increased
neutron irradiation.

Figure 8-5 illustrates the location and orientation
of the flaws that are simulated to exist in the
RPV and the relationship between these flaw
locations and the azimuthal and axial variations
of fluence. (See [EricksonKirk-PFM] and
[Simonen] for a more detailed explanation of the
technical bases for these flaw locations and
orientations.) The information in Figure 8-5

is summarized as follows for each of the
simulated flaw populations:



>

g . Ductile (or Upper Shelf)

= ‘.. Fracture Toughness

5 -

- .....llllllll-'

o Cleavage l

- Fracture

Q Toughness

5 VAN

5 / FArrest
- racture

E emp- — Toughness

>
Temperature

Figure 8-4. Relationship between a reference temperature (RT) and various measure of resistance to fracture
(fracture toughness). This is a schematic illustration of temperature dependence only;
scatter in fracture toughness is not shown.

e Embedded Axial Weld Flaws: The
overwhelming majority of flaws in axial
welds are lack of fusion defects, which
occur on the weld fusion lines.
Consequently, all of these flaws are oriented
axially. The behavior of these flaws
(i.e., if the flaw initiates, if the flaw
propagates through the RPV wall)
is controlled by the less tough of the plate
or weld that lie on either side of the flaws.
As illustrated in Figure 8-5, the axial fluence
variation is relatively minor along most of
the axial weld fusion line length. However,

expose each axial weld fusion line to have
different fluences. The likelihood of vessel
fracture from axial weld flaws depends upon
(1) the total number of axial weld flaws
(which scales with fusion line area), and
(2) the fluence to which these flaws are
subjected. Consequently, an appropriate
metric to correlate/predict the likelihood of
fracture from axial weld flaws would be
weighted to account for variations in axial
weld length and fluence level.
Mathematically, the reference temperature
metric for axial welds (RT ) is defined as
follows:

the large azimuthal fluence variation can

nafl
Z RTI:M,\’—AW ' €’FL
Eq.8-1 RT,,, ==—1
Z Ur
i=l
where
nafl is the number of axial weld fusion lines in the vessel beltline region,
lrL is the length of a particular fusion line in the vessel beltline region, and

is evaluated for each of the axial weld fusion lines using the following formula.
In the formula the symbol ¢, refers to the maximum fluence occurring along a
particular axial weld fusion line, and AT}, is the shift in the Charpy V-Notch
30-ft-1b energy produced by irradiation at ¢@t;.

RT v ap = MAX{RT % + AT (gr,, ), (RT matved A avietetd (g, )}

R TMA.\’-A w
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Flaws are equally likely to occur at any
position around the circumference of the
RPV, and the initiation / propagation of
fracture from such flaws is more likely

at higher fluences. Consequently, an
appropriate metric to correlate/predict the
likelihood of fracture from circumferential
weld flaws would be a weighted average of
the largest RTypr value assoctated with each
circumferential weld fusion line when
irradiated to the maximum ID fluence.
Mathematically, the reference temperature
metric for circumferential welds (RTcy)

is defined as follows:

o Embedded Circumferential Weld Flaws:
The overwhelming majority of flaws in
circumferential welds are lack of fusion
defects, which occur on the weld fusion
lines. Consequently, all of these flaws are
oriented circumferentially. The behavior
of these flaws (i.e., if the flaw initiates,
if the flaw propagates through the RPV
wall) is controlled by the less tough of the
plate or weld that lie on either side of the
flaws. As illustrated in Figure 8-5, the
azimuthal fluence variation ensures that
these circumferential weld cracks will
somewhere be subjected to the maximum
fluence that occurs anywhere on the vessel ID.

nefl )
z RTy4v-cw
Eq.82 RT,, =24 —
cw nefl
where
ncfl is the number of circumferential weld fusion lines in the vessel beltline region,

RTpavcw

is evaluated for each of the circumferential weld fusion lines using the following

formula. In the formula the symbol ¢r.4y refers to the maximum fluence
occurring over the ID in the vessel beltline region, and 4T, is the shift in the
Charpy V-Notch 30 ft-1b energy produced by irradiation at @yy.

RTpyev-cw = MAX{RT  + ATS (gt D (RTcwed 4 AT (g, )}

It should be noted that at an equivalent
embrittlement level, the likelihood of a
circumferential weld flaw leading to
through-wall cracking of the vessel is much
lower than for an axial weld flaw. Even
though circumferential and axial weld flaws
are the same size because they are drawn
from the same distribution, the variation of
crack driving force through the wall of a
cylindrical RPV differs considerably for
circumferential and for axial flaws.
Cheverton et al. describe how the
application of a cold thermal shock to the
inner diameter of a cylinder containing a
flaw produces bending of the cylinder wall
[Cheverton 85a]. This bending, originating
from the contraction of the cold metal at and
near the ID and the resistance to this
contraction provided by the hotter metal
deeper into the thickness of the cylinder,
tends to be much larger for infinite length
axial flaws than for infinite length
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circumferential flaws. A cylindrical
geometry with an infinite axial flaw is
asymmetric while a cylindrical geometry
with an infinite circumferential flaw is
symmetric. The asymmetry associated with
the axial flaw degrades the cylinder's
resistance to bending much more than the
symmetric circumferential flaw (see Figure 8-6).
It is for this reason that the applied-K; of an
axially oriented flaw continues to increase
for cracks extending much deeper into the
vessel wall than does the applied-K; for a
circumferentially oriented flaw (see Figure
8.7). The driving force peak that occurs for
circumferential cracks provides a natural
crack arrest mechanism that occurs in all
RPVs because of their cylindrical geometry.
Conversely, the applied driving force for
axial flaws continues to increase as their
depth increases, which leads directly to the
ability of axial flaws to propagate all the
way through the RPV wall.
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Figure 8-5. Location and orientation of flaws simulated by FAVOR toxist inV differn
of the RPV beltline
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Figure 8-6. Effect of flaw orientation on the bending experienced by a cylinder
subjected to a cold thermal shock on the inner diameter.




RPV through-wall location (inches)

compared to circumferentially oriented flaws
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Figure 8.7. Through-wall variation of crack driving force (K;): axially oriented flaws

(Comparison is shown for an 8-inch diameter surge line break in Beaver Valley (Transient #7 — see top plot)

at a time 11 minutes after the start of the transient (see bottom plot).)
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where

Embedded Plate Flaws: Flaws in plates -

~ occur predominantly due to no-metallic
inclusions. These can occur anywhere
.within the plate; they have no preferred
orientation (i.e., they are equally likely to be
axial or circumferential). As illustrated in
Figure 8-5, the azimuthal fluence variation
- makes it certain that every plate will
somewhere be subjected to the maximum
fluence occurring on the vessel ID. Plate
flaws are equally likely to occur at any

Eq. 8-3 RT,,

npl

i=]

position in the plate, so initiation /
propagation of fracture from such flaws is
“more likely at higher fluences.
Consequeéntly, an-appropriate metric to
correlate / predict the likelihood of fracture
from plate flaws would be a weighted
average of the largest RTypr value
associated with each plate when irradiated to

. the'maximum ID fluence. Mathematically,

‘the reference temperature metric for plates
(RTpy) is defined as follows:

Z RTniux-PL : VII;L .

npl

7,
i=1

npl is the number of plates in the vessel beltline regi_én,
- VoL is the volume of each of these plates,
RT pax.pw

is evaluated for each plate using the following formula. In the formula the

symbol gtuyy refers to the maximum fluence occurring over the ID in the vessel
beltline region, and AT is the shift in the Charpy V-Notch 30 ft-1b energy
produced by irradiation at g@fy. ' .

_ plate ; plate
RTMA.\’—PL = RTNDT(u) + ATso ( MAX )

It should be noted that at an equivalent
embrittlement level, the likelihood of a plate
flaw leading to through-wall cracking of the
vessel is much lower than for an axial weld
flaw for two reasons. First, half of all
simulated plate flaws are oriented
circumferentially, which reduces their
*driving force relative to axial flaws
(see Figure 8.7). Additionally, plate flaws
are generally much smaller than weld flaws.
However, the azimuthal variation of fluence
makes it virtually certain that some region
of the plates will be subjected to a higher
- fluence (often a much higher fluence) than
will the axial weld fusion lines. At some
" point, this added embrittlement to which the
-plate flaws are subjected will overcome the
smaller plate flaw driving force caused by
their smaller size (vs. axial weld flaws),
causing the fracture of plate flaws to become
more likely than the fracture of axial weld
flaws. '
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Surface-Breaking Flaws in the Stainless
Steel Cladding: The only flaws simulated to

break the inner diameter surface of the RPV
occur because of lack of inner-run fusion
between adjacent beads of weld-deposited
stainless steel cladding. Since this cladding
is always deposited circumferentially, these
flaws are always oriented circumferentially,
and they can occur anywhere over the entire
ID surface of the vessel. All of the

simulated flaws have a crack depth equal to
the thickness of the cladding layer, so the
toughness properties that control the
behavior of these flaws (i.e., if the flaw
initiates, if the flaw propagates through the -
RPV wall) are those of the axial weld,
circumferential weld, or plate region that lie
under the simulated location of the surface
flaw. As discussed later in this section,
FAVOR reports the contribution of these
flaws to FCI and TWCF along with the
contribution of the underlying axial weld,



circumferential weld, or plate region. Thus,
the contribution of these flaws to FCI and
TWCEF is addressed by the combination of
RT4w, RTcw, and RTp, making an
independent reference temperature metric

-for flaws in cladding unnecessary.

- Furthermore, the circumferential orientation
of these flaws makes their contribution to
FCI and TWCEF very small”.

8.4.2 Effect of RPV Beltline Region
on FCI and TWCF Values

As illustrated in Figure 8-5, the beltline region
of a nuclear RPV is fabricated from different
material product forms. All three vessels
analyzed here are plate vessels and, therefore,
are fabricated from heavy section ferritic steel
plates roll formed to produce 120° or 180° _

- degree segments. These segments are joined by
axial welds to form a shell course, and then
different shell courses are joined by

~ circumferential welds to make the vessel.

Two to three shell courses generally make up -
the beltline region of the vessel. An alternative
fabrication practice, which avoids the need
for axial welds, is to join ring-forged cylinders
with circumferential welds. In Section 9.2,

we address application of the results presented in

'this chapter (for plate vessels) to forged vessels.

'In this report, we use the term “regions” to refer
to the different product forms (i.e., plates, axial
welds, circumferential welds, and forgings) that
make up each RPV. As detailed in Table 8.2,
each region has unique properties of chemical
composition (which controls susceptibility to
irradiation embrittlement), strength, and toughness.
These properties also vary within the each
region, see [EricksonKirk-PFM) and [Williams],
respectively, for a description of our bases for

characterizing this variation and of the statistical .

ssen

At the extremely high embrittlement level -
-simulated by the Ext-Ob analysis of Oconee
Unit 1, cladding flaws contributed only 2.5%
and 0.01% to the total FCl and TWCF
(respectively). At the more realistic
embrittlement levels represented by the 32
and 60 EFPY analyses, these flaws made no
contribution to either FCI or TWCF.
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models we have adopted in FAVOR for this
purpose. Table 8.5 details the relative
contributions these different regioné make to the
FCI and TWCEF values reported in Table 8.4,
demonstrating that these different regions (and
their associated flaw populations) make widely
varied contributions to the FCl and TWCF
values, as follows: -

e Circumferential Flaws: Circumferential
flaws are responsible for a large portion of
the FCI because the maximum ID fluence
always interacts with a potential location of
a circumferential flaw, but almost never

~with the potential location of an axial flaw.

- The consequential higher embrittlement
frequently associated with circumferential
flaws (RTcw > RT,w) leads directly to thelr
role as dominant initiators''". However,
as illustrated in Figure 8.7, differences in
how the driving force to fracture varies
through-wall in a cylindrical vessel causes
most of these initiated circumferential
cracks to arrest before they propagate
‘completely through the vessel wall and -
contribute to the TWCF. For this reason,
circumferential cracks do not contribute to
TWCF except in a very minor way at very
high RT¢w values.

o Axial Flaws: Axial flaws are responsible for

- nearly all of the TWCF. In both Oconee and
in Palisades, the toughness associated with

" the axial weld flaws is less than the
toughness associated with the plate flaws
(RT w > RTp.) so the axial weld flaws
control nearly all of the TWCF. In Beaver
Valley, the toughness associated with the
plate flaws is less than the toughness
associated with the axial weld flaws

™' This observation regarding the general

dominance of circumferential flaws in

* controlling FCI does not apply to Palisades.
In Palisades, the toughness-along the axial
weld fusion line is less than the.toughness
along the circumferential weld fusion line
(i.e., RTw > RTcw). This occurs because the
chemistry of the axial welds in Palisades is
more irradiation-sensitive than that of the

. circumferential welds, increasing their
embrittlement despite the lower fluence along

" the axial weld fusion lines.



(RTp, > RT.:w). Thus, in Beaver Valley, the
plate flaws are responsible for some portion
of the TWCF. However, they do not
completely control the TWCF because weld

flaws are much larger than plate flaws.
Nonetheless, it 1s always the toughness

properties that can be associated with axial
flaws (i.e., the toughness properties of either

the plate or of the axial weld: RT,, and/or -

RTp,) that control the TWCF. The toughness.
properties of the circumferential weld :
(RTcw) play only a minor role and this only
for highly embrittled materials (high RTcw):

Table 8.5. Relative contributions of various flaw populations to the FCI and TWCF values
' estimated by FAVOR Version 04.1 '

EFPY

Reference
“Temperatures [°F]

R TA w

RTew

RTe.

Mean
" FCI

i

" - Apportionment by Originating Flaw Population

- Feit

"~ 33.83%

Mean TWCF'™"
. TWCF '
Axial Circ § Axial Circ
Welds | Welds | TS | waids | Welds

32 134 | 136 | 72 | 1.29E-10 | 2.30E-11 66.16% | 0.00% | 100.00% | 0.00%
80 149 | 156 | 83 | 1.026-09 | 6.47E-11 | 18.64% | 81.35% | 001% | 99.90% | 0.10%
"ExtOa | 200 | 207 | 134 | 1.01E-07 | 1.306-09 | 8.82% | 90.82% | 035% | 99.83% | 0.16%

5.24E-07 |

1.16E-08

8.89E-10

8.52%

90.78%

98.81%

32 171 243 217 | 1.32E-07 | 237% | 96.01% { 161% 68.44% | 0.33% | 31.23% |

60 188 272 244 | S19E-Q07 | 4.84E-09 1 3.01% | 94.26% | 2.73% 38.19% | 0.72% | 60.09%
Ext-Ba | 203 301 273 | 1.71E-06 { 2.02E-08 264% | 93.04% | 4.33% 15.69% : 1.74% | 82.55%
Ext-Bb | 226 | 354 324 | 887E-06 | 3.00E-07 2.23% | 91.02% | 8.75% 9.21% | 6.18% | 84.62%

32 210 201 165 | 5.22E-08 | 490E-09 | 83.7%% 6.22% | 0.00% 99.85% ; 0.05% 0.00%

60 227 - 215 181 | 1.23BE-07 ; 1.55E-08 | 92.56% 7.44% | 0.00% 98.97% | 0.04% 0.00%
Ext-Pa | 271 258 231 | 746E-07 | 1.88E-07 | 84.45% | 1541% | 0.15% 98.81% ; 0.02% | 0.08%
Ext-Pb | 324 335 293 | 447E-06 | 1.26E-06 | 60.24% | 38.58% | 1.18% 98.62% | 0.01% |

Note: (1) FCl and TWCF percentages may not add to 100% due to rounding.

1.37%
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8.4.3 Embrittlement Normalization
between Different Plants

Section 8.5 examines the classes of transients
that have the greatest contribution to FCI and
TWCF. Part of this discussion focuses on the
similarity/difference of the severity associated -
with the same type of transient at different plants
(e.g., does a 4-in. hot leg break have a similar
severity at the different analyzed plants, or must
plant-specific factors be considered to accurately
predict the severity of the transient?).

These discussions form the beginning of our
assessment of the general applicability of our
results to all PWRs — a topic that Chapter 9
addresses in more detail. To perform these
plant-to-plant comparisons of transient severity
on an equivalent basis, it is important to be able
to account for the differences in embrittlement
level between the different analyses we
performed. We use the reference temperature
metrics RT 4w, RTcw, and RTp; introduced in
Section 8.4.2 for this purpose.

As discussed in Section 8.4.2, the development:-
of a single reference temperature to serve as an
embrittlement metric for all plants is
complicated by the following two factors:

o The fracture toughness varies widely
throughout the pressure vessel (because of
the combined influences of different

" chemistries in different regions and the
fluence variation over the vessel ID).

e The distribution of flaws throughout the
vessel; their size, location, and orientation;
is non-homogeneous (for physically
understood reasons).

Nonetheless, the toughness properties associated
with axial cracks control the
likelihood of developing a through-
wall crack. In Oconee and in
Palisades, these properties are
described completely by RT .
because ~100% of the TWCEF is
associated with the axial weld flaw
population in these plants,

irrespective of embrittlement level. . -

The situation in Beaver Valley is
more complex because the high
fluence levels remote from the axial
weld fusion lines and the high
irradiation susceptibility of the
Beaver Valley materials create a
situation where plate flaws and (at
very high levels of embrittlement)
circumferential weld flaws
contribute to the TWCF. To reflect
this, the reference temperature for
Beaver Valley should lie between
RTw and RTp;. These
considerations are reflected in the
final column of

Table 8.6, which provides the reference

temperature values used in Section 8.5.

. 1t should be noted this approach to obtaining
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a single reference temperature is developed here
only to support the transient comparisons
performed in Section 8.5. Embrittlement metrics
useful for estimating the level of PTS risk in PWRs
in general are discussed and developed
in Chapter 11. '

8.4.4 Changes in these Results Relative
to those Reported in December 2002

While the specific numerical results reported
herein differ from those in our interim report
[Kirk 12-02], the general trends discussed in this
section have not changed substantively from

. those reported earlier.

Contributions of Different
Transients to the Through-Wall
Cracking Frequency

8.5

8.5.1 Overview

As a first step toward assessing the transients
that contribute most prominently to the overall
TWCEF, we divided the transients analyzed for
each plant (see Appendix A for a complete list)
into the following transient classes:



Table 8.6.

. Reference temperature metric used in Section 8.5,

Reference TWCF Apportioned by Reference
Plant EEPY Temperatures_ °Fl Originating Flaw Population | Tersne%i{oa;ugesfor
Comparisons [°F]
Axial Circ
RT,.:W . RTCW RTPL Welds Welds Plates .
32 134 136 72 100.00% 0.00% 0.00% 134 (=RTaw)
Ocoﬁée 60 149 156 83 99.90% 0.10% 0.00% 149 (=RTaw)
Ext-Oa | 200 207 |.134 89.83% 0.00% 200 (= RTAW)
- ) . 185 5 (=
32 171 243 217 68.44% 0.33% | 31.23%
-Beaver 0. {R j A
Valiey. : i o o o 262 (= RTAW +
Ext-Ba | 203 301 273 15.69% 1.74% | 82.55% 0.85{RTo-RTaw})
: ' 315 (=RTaw +
- o, O, 0,
Ext-Bb | 226 354 324 8.21% 6.18% | 84.62% 0.91{RTo-RTan})-
32 | 210 201 165 99.95% 0.05% O 00% 210 (=RTaw)
: — e DR T
Ext-Pa | - 271 259 231 98.91% 0.02% 0.08% 271 (=RTaw)
Ext-Pb | 324 335 293 98.62% 0.01% 1.37% 324 (=RTaw)
Note: In Section 8.5, when the TWCFs of different plants are comgared at “roughly equivalent”
embrittlement ievels the results associated with the Shaded rows are used.

LOCA Pipe breaks of any diameter on the
primary side (see Tables A.1 and A.2)

SO-1  Stuck-open valves (that may later
reclose) on the primary side (see Tables
A3and A4)
F&B Feed & bleed “LOCA™ (see Tab]e ‘A.8)
MSLB Large diameter (or “main”) steam line
_ break (see Table A.5)
SO-2  Smaller diameter secondary side
breaks, including stuck-open valves
_ (see Table A.7)
SGTR  Steam generator tube rupture
(see Table A.8) .
OVR  Overfeed (see Table A.8)
MIX  Mixed primary and secondary initiators

(see Table A.9)

Figure 8-8, Figure 8-9, and Figure 8-10 illustrate
the contribution to the total TWCF of each

. transient analyzed for Oconee, Beaver Valley,
and Palisades, respectively. (Descriptions of the

transients that contribute more than 1% to the
total TWCF are provided in Table 8.7, Table
8.8, and Table 8.9 for each plant.) These
graphical depictions demonstrate that many of
the transients analyzed conuribute little or
nothing to the TWCF while a limited number of
transients dominate TWCF. In general, the

- contributions of primary side pipe breaks

(LOCAS) and stuck-open valves on the primary
side that may later reclose (SO-1) are the most
important, collectively accounting for 70% or

‘more of the total rnisk (see Figure 8-11). Stuck- '

open valves on the secondary side (SO-2) and.

‘breaks in the main steam line (MSLB) also

contribute to TWCEF, but to a more limited
extent. Feed-and-bleed LOCAs (F&B) and
steam generator tube ruptures (SGTR) do not
contribute to TWCF in any significant way.

Figure 8-12 illustrates the annual frequencies of
occurrence of the most risk-significant classes of



events, where risk-significance is-based on the
information in Figure 8-8 through Figure 8-10.
In Figure 8-12 the division between small and
- medium and medium and large break LOCAs
occurs at approximately 4 and 8-inches

(10.16 and 20.32-cm), respectively. Based on
this information, the following observations
can be made:

-~ o Plant Effects on Frequency: The
frequencies associated with Oconee and -

Beaver Valley are identical because these ..

frequencies were established by the NRC’s
PRA contractors based on industry-wide
data [INEEL99, INEEL0OOb] and based on

limited plant-specific data. It was the view -

of these analysts that there were not enough
differences between these plants and/or -
plant-specific data to support adoption of
plant-specific frequencies. The Palisades
frequencies differ slightly from those-
adopted for the-other two plants for several
reasons. Different analysts performed the
Palisades PRA, so some differences are
attributable to different interpretations of
available data. Secondly, the Palisades PRA
analysts adopted slightly different models to
represent PTS risk than were used for the
other two plants. Finally, the Palisades PRA
analysis made use of some Palisades-
specific information. Taken together, the
small plant-to-plant frequency differences
shown in Figure 8-12 arise, in part, because
of both real differences between the plants -
and differences in modeling or judgment.

o Event Effects on Frequency: SO-2 events
occur with the greatest frequency, '
“approximately 0.02/yr. MSLB and SO-1
events are the next most frequent, but are
approximately 10 times less likely than SO-
2 events. All LOCA events are less likely

 still, as illustrated in Figure 8-12. The least -

likely event class is large-break LOCAs,
" which are approximately 3,000 times less -
likely than SO-2 events.

In the following subsections, we examine in
further detail the four classes of transients that
collectively account for virtually all of the

- TWCF: LOCA, SO-1, MSLB, and SO-2.

Sections 8.5.2 through 8.5.5 1
are structured as follows:

Step 1. Each section begins with a general
description of transients in the class, how the. .
transient progresses, what actions the operators
take, and so on.’

Step 2. We then review of all of the transients in
the class that were modeled in each of the three-

-study plants with the aim of describing how each .
_transient class has been modeled. Additionally,

this discussion points out plant-specific

similarities/differences in our treatment of the

transient class as regards the specific transients

~selected to represent the class as a whole.

Step 3. We then examine relationships between -
the systems-based characteristics of the

. transients in the class (e.g., break size, break

location, HPI throttling at 1 vs. 10 minutes, etc.) -
and their thermal-hydraulic signature (i.e., their

~ temporal variation of pressure, temperature, and

heat transfer coefficient in the downcomer).

Step 4. The probabilistic fracture mechanics
results are then discussed within the context of
the thermal-hydraulic understanding developed
in Step #2. Specifically we overlay on the TH
transients the predicted times at which the vessel
fails. This focuses attention on the part of the
transient where differences in the TH signature
can influence whether the vessel is predicted to
fail or not. Particular attention is paid to determining
the importance of operator actions in controlling
the transient severity, and identifying if the
results from these three study plant can be .

considered to apply to all PWRs in general.
‘Step 5. The discussion of each transient class

concludes with a comparison of our current
findings to those reported previously [Kirk 12-02]
and those that established the basis for the current
provisions of 10 CFR 50.61 [SECY-82-465].

Finally, in Section 8.5.6, we discuss classes - - !

~ of transients that do not contribute in any
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significant way to the total TWCF. These
include SGTR, feed-and-bleed LOCAs, and
transients that include a combination of failures
in both the primary and secondary pressure
circuits. : ' :
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% .Contribution to TWCF
8

Figure 8-9. Contributions of the different transients to the TWCF in Beaver \"élléy Unit 1
(Numbers on the abscissa are the TH case numbers, see Appendix A) .
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Figure 8-10. Contributions of the different transients to the TWCF in Palisades
. (Numbers on the abscissa are the TH case numbers, see Appendix A)

ificantly to the estimated ’CF of Oconee Uni

: . petor throttlesinutes aﬂer 27K |
SO-1 | 122 Stuck-open pressurizer safety [5°F] subcooling and 100-in. (254-cm) . Yes : 47%
valve. Valve recloses at 6,000 secs. | pressurizer level is reached. (Throttling criteria : _ °
is 27.8 K [50°F] subcooiing.) ' )
_ Stuck-open pressurizer safety - ’
SO-1 | 165 | valve. Valve recloses at 6,000 None ] Yes | 13%
secs [RCS low-pressure point]. :
Operator throttles HP! at 10 minutes after 2.7 K
So-1 | 124 tuck-open pressurizer safety [5°F] subcooling and 100-in. (254-cm) Yes 6%
valve. Vaive recloses at 3,000 secs. pressurizer level is reached. (Throttling criteria °
is 27.8 K [50°F] subcooling.}
_ TT/RT with stuck-open pzr SRV.
1 SRV assumed to reclose at 3.000 ' ' o
SO-1 | 168 secs. Operator does not throttle None Yes 1%
HPL. : _
_ 5.66-in. (14.37-cm) surge line
break. ECC suction switch to the o
LOCA | 160 containment sump included in the None No 5%
analysis. ’
. 8-in. (20.32-cm) surge line break. .
LOCA | 164 | ECC suction switch to the None No | 12%
: containment sump included in the :




analysis.

16-in. (40.64-cm) hot leg break.
ECC suction switch to the

: from 2.83-in. (7.18-cm) break].

Q,
LOCA | 156 containment sump included in the None No 3%
analysis.
3.22-in. {8.18-cm) surge line break . :
LOCA | 141 | [Break flow area increased by 30% | None No 1%

embrittiement levels analyzed.

Note: 1. The column headed “%" indicates the contribution of this transient to the TWCF averaged across ail four

Reactor/turbine trip w/one stuck-open
pressurizer SRV which recloses at : '

SO-1 | 126 6,000 s and operator controls HHS! None - No 1 10%
10 minutes after allowed. '
Reactor/turbine trip w/one stuck-open .

SO-1 60 | pressurizer SRV which recloses at None No 7%
6,000 s. :
Reactor/turbine trip w/one stuck-open .
pressurizer SRV which recloses at )

SO-1 | 130 3,000 s at HZP and operator controls None Yes | 6%
HHSI 10 minutes after allowed.

Reactor/turbine trip wfone stuck-open

SO-1 97 | pressurizer SRV which recloses at None. Yes | 2%

3.000 s.
Reactor/turbine trip w/one stuck-open
pressurizer SRV which recioses at o

SO-1 1129 | 6 000 s at HZP and operator controls - None Yes | 1%

HHSI! 10 minutes after allowed.
Reactor/turbine trip witwo stuck-open
pressurizer SRVs which reclose at : o

SO-1 | 123 3,000 s at HZP and operator controls None Yes | 1%
HHS! 10 minutes after aliowed.

LOCA | 56 | 4-in. (10.16-cm) surge line break None . No | 35%

LOCA | 7 8-in. (20.32-cm) surge line break None. No = | 20%

LOCA! ¢ 16-in. (40.64-cm) hot leg break None. No 6%

: Operator controls HHSI 30 minutes after
Main steam line break with AFW allowed. Break is assumed to occur inside

MSLB | 102 | continuing to feed affected generator | containment so that the operator trips the No 4%
for 30 minutes. RCPs as a result of adverse containment

conditions.
Operator controis HHSI 60 minutes after
Main stearn line break with AFW allowed. Break is assumed to occur inside
MSLB | 104 | continuing to feed affected generator | containment so that the operator trips the No 3%
for 30 minutes. RCPs as a result of adverse containment
conditions.
Operator controis HHSI 30 minutes after
! Main steam line break with AFW aliowed. Break is assumed to occur inside
! MSLB | 103 | continuing to feed affected generator | containment so that the operator trips the Yes 3%
" | for 30 minutes. RCPs as a result of adverse containment '
conditions.
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embrittlement levels analyzed.

Note 1. The column headed “%" indicates the contnbutxon of this trans:ent to the TWCF averaged across all four

tribute most significantly to the estimated TWCF of Palisades

One stuck-open pressurizer SRV that recloses at : .
SO-1 65 . | 6,000 sec after initiation. Contamment spray is ;?gié ggﬁlerator does not Yes | 35%
assumed not to actuate. : ¢ :
Two stuck-open pressurizer SRVs that reciose at ' :
SO-1 | 48 | 6,000 sec after initiation. Containment spray is xcr)gt?l'e }(_)‘;;?rator does not Yes 1%
assumed not to actuate. :
. Turbine/reactor trip with two stuck-open pressurizer
SO-1 | 53 | SRVs that reclose at 5,000 sec after initiation. pone. Operator does not No | 1%
: Containment spray is assumed not to actuate. )
g 16-in. (40.64-cm) hot leg break. Containment sump -None. Operator does not SR o
LOCA | 40 recirculation included in the analysis. throttie HPL No 23%
4-in.{10.16-cm) cold leg break. Winter conditions :
LOCA |. 58 | assumed (HP! and LP! injection temp = 40°F m;e g-g?ram’ does not - No. | 10% |
' (4.44°C), Accumuiator temp = 60°F (15.56°C)) ’
8-in. {20.32-cm) cold leg break. Winter conditions :
LOCA | 62 | assumed (HP! and LPI injection temp = 40°F fone. Operatordoesnot . No | 4%
' {4.44°C). Accumulator temp = 60°F (15.56°C)) U s
4-in. {10.16-cm} surge line break. Summer - o L
conditions assumed (HP!I and LP! injection temp = None. Operator does not " o,
LOCA | 84 | 100°F (37.78°C), Accumulator temp = 20°F throttle HP!. No | 3%
(32.22°C))
2-in. (5.08-cm) surge fine break. Winter conditions
LOCA | 60 | assumed (HPI and LP! injection temp = 40°F flone. Operator does not No | 2%
{4.44°C). Accumulator temp = 60°F (15.56°C)) )
| 5.66-in. (14.37-cm) cold leg break. - Winter conditions '
1 LOCA | 63 | assumed (HPIand LP! injection temp = 40°F ione. Operator does not. No | 2%
(4.44°C), Accumulator temp = 60°F (15.56°C)) ’
4-in. (10.16-cm) cold leg break. Summer conditions
LOCA | 59 | assumed (HPI and LPI injection temp = 100°F gfggle 2@?’3“” does not No | 1%
(37.78°C), Accumulator temp = 90°F (32.22°C)) - _ ) T
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=Class .

Main steam line break with failure of both MSIVs to | DPOralor does not solate
MSLB | 54 | close. Break assumed to be inside containment Operator does not th}ottle No 2%
causing containment spray actuation. Hgl
Main steam line break with controller failure resulting
MSLB | 27 in the flow from two AFW pumps into affected steam | Operator starts second AFW No 1%
generator. Break assumed to be inside containment | pump. ?
causing containment spray actuation.
Turbine/reactor trip with 2 stuck-open ADVs on SG-A
S0-2 | 55 | combined with controller failure resulting in the flow Olf):'rator starts second AFW No 12%
from two AFW pumps into affected steam generator. pump.
— None. Operator does not o
S0O-2 19 | Reactor trip with 1 stuck-open ADV on SG-A. throttle HPI. Yes 5%
Note: 1. The column headed “%" indicates the contribution of this transient to the TWCF averaged across all four
embrittlement levels analyzed.
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Figure 8-11. Variation in percent contribution to the total TWCF of different transient classes
with reference temperature (RT) as defined in
Table 8.6. The contributions of feed-and-bleed LOCAs and steam generator tube ruptures were also assessed.

These transient classes made no contribution to TWCF, with the exception that feed-and-bleed LOCAs
contributed < 0.1% to the TWCEF of the Palisades RPV.
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Figure 8-12. Comparison of the annual frequencies of various broad classes of events for full-power conditions

8.5.2 Primary Side Pipe Breaks
8.5.2.1  General Description of a Pipe
Break Transient

Following a pipe break, the primary system cools
by two mechanisms. The rapid depressurization
caused by the break produces a rapid drop in
system temperature because, under the saturated
conditions that exist once a break occurs,
pressure is linked to temperature via the

ideal gas law. For large-diameter breaks,

this pressure-induced temperature decrease
dominates the primary system cooldown.

As break size decreases, another cooling
mechanism (the temperature and volume

of the ECC injection water) becomes important.
As indicated in Figure 2.1, ECCS pumps

(e.g., HPSI, LPSI, etc.) all inject into the cold leg.
Consequently, for cold leg breaks, some of the
injection water is lost out of the break, never
reaching (or cooling) the downcomer. In this
situation, the volume of the cooling water lost

is approximately proportional to the number of
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cold legs. (For example, in a 3-loop plant,

if one cold leg breaks, the injection flow reaching
the downcomer is diminished by one-third.)
Conversely, no cooling water is lost if the break
occurs in either the hot leg or in the surge line.
For this reason, cold leg breaks tend to be
somewhat less severe (at an equivalent diameter)
than hot leg or surge line breaks.

The minimum temperature to which the
injection water cools the primary can depend on
the ambient temperature outside the plant
because both the HPSI and LPSI pumps draw
from the RWST. In plants where the RWST is
outside and uninsulated, the temperature of the
cooling water is subject to seasonal temperature
variations, which directly impact the portion of
the downcomer cooling controlled by safety
injection. The effect of seasonal temperature
variations on cooling water temperature is a
more important factor for smaller diameter
breaks.



Additionally, factors such as the total volume of
the inventory in the RWST and the pressures at
which the safety injection pumps start can differ
from plant-to-plant. These features influence the
cooldown characteristics of pipe break transients
for the following reasons:

¢ The total volume of the inventory in the
RWST controls the time interval over which
the ECCS can draw water from this source.
If the transient continues after this time, the
ECCS has to switch over to recirculation
from the containment sump. Since the water
in the sump has flowed out of the break, it is
generally warmer (~120°F (48.9°C)) than
water drawn from the RWST (as low as ~
40°F (4.4°C) during the winter).

e For breaks of medium to small diameter
(approximately 4-in. (10.16-cm) and below)
the cooldown rate is sufficiently gradual that
it can be influenced by the pressure at which
the safety injection pumps start. Plant-
specific differences can, therefore, influence
the cooldown rate. Differences of this type
occurred among the three study plants. Both
Oconee and Beaver Valley have high-head
HPSI that injects water immediately upon
receiving a safety injection actuation signal
(at ~ 1,700 psi). In contrast, Palisades has
low-head HPSI pumps that inject water
when the pressure falls below 1,300 psi.

8.5.2.2  Model of this Transient Class

As detailed in Appendix A, Tables A.1

(break diameters above 3.5-in. (8.9-cm)) and

A.2 (break diameters below 3.5-in. (8.9-cm))

our modeling of primary side pipe breaks

includes a spectrum of break diameters ranging
from 1.4- to 16-in. (3.6- to 40.6-cm) because
break size is the single most important factor
that controls the rate of system depressurization
and (thereby) the severity of the transient.

No operator actions are modeled for any break

diameter exceeding =3-in. (=7.6-cm) because for

these events, the safety injection systems do not
fully refill the upper regions of the RCS.

Consequently, operators would never take action

to shut off the pumps. Other factors modeled

include the following:
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¢ break location (for smaller diameter breaks)

season of the year (for smaller diameter breaks)

¢ total volume of the RWST inventory
(controls the time at which cooling water
begins to draw from the sump, which is
warmer than the water stored in the RWST)

e pump start setpoints

8.5.2.3  Relationships between System
Characteristics and Thermal-
Hydraulic Response

8.5.2.3.1 Dominant vs. Secondary

Factors

Primary side pipe breaks characteristically cause
both a rapid cooldown and a rapid depressurization
of the primary system. At long times,

the temperature of the primary approaches

the temperature of the injection water, which can
be as low as 35°F (1°C) because it is stored in
external tanks. As described in the previous
section, the break area (i.e., 1:(Dgreak/2)) is the
main factor controlling the initial cooldown rate
because break area controls the depressurization
rate and the two are linked through the ideal gas
law. Figure 8.13 illustrates this point for a
spectrum of hot leg/surge line breaks in both
Beaver Valley and Oconee.
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Figure 8.13. Effect of surge line and hot-leg break
diameter on the cooldown characteristics
of Beaver Valley (top) and Oconee (bottom)

Factors other than break size can alter the
cooldown signature somewhat, but are generally
less important than the dominating influence of
break area. For example:

e Break Location: As described in the
previous section, cold leg breaks are
expected to be less severe than hot leg
breaks at equivalent break diameter due to
loss of injection water out of the break.
However, as illustrated in Figure 8.14 the
effect of break location is not so great as to
take a break out of severity order as
indicated by break size.

e Injection Water Temperature: Variations in
injection water temperature occur both at the

time in the transient when the volume of the
RWST is exhausted and the HPSI/LPSI
pumps start drawing off the sump and as a
consequence of seasonal variations. The
sudden increase in downcomer temperature
evident at approximately 2000 sec. on the 8-
and 16-in. diameter break curves in the top
graph in Figure 8.13 indicates the time at

which the switchover to sump occurs.
Figure 8.15 illustrates the effect of seasonal
variations on cold leg breaks in Palisades.
Again, break diameter is seen to be the
dominant factor controlling the initial
cooldown rate with seasonal factors playing
a less important role.

Relative to differences in cooldown rate between
different break sizes, differences in primary
system pressure are more modest because safety
injection flow cannot fully compensate for the
loss of inventory out of these breaks. Figure
8.16 illustrates this point for a range of break
sizes in both Oconee and Beaver Valley.
Similarly, the effect of break size on differences
in the heat transfer coefficient between different
breaks is more modest, see Figure 8.17.
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Figure 8.14. Effect of break location
on the cooldown characteristics in Oconee (top)
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8.5.2.3.2 Plant-Specific Effects
Figure 8.18 compares the cooldown characteristics
of different break sizes across the three plants
modeled. For nominally identical conditions
between plants (i.e., break size, break location,
power level at transient initiation), the response
of the three study plants is similar across the
entire break size spectrum. This is because
the cooldown rate is controlled (mostly)
by the size of the break and the overall size,
temperature, and pressure of the RPV in which
the break occurs. In Figure 8.18, these factors
are consistent plant-to-plant.




650 RS O T 710 650 e . . 710
oo Beaver Valley (009) —o Beaver Valley Surge (007)
&0 Oconee (156) ! @----0 Oconee Surge (164)
= ~ o Palisades (040) i  ~ © Palisades Cold Winter (062)

B850 §-1cvcranininasiinrsionrenin = RTINS TR R NRS.. oM SN P TI Ik SHNs Sh NO T -4 530
g €
s °
§ ‘50 ................................................................... g 350 ..................................................................... o 350 g
= H ; e e b bl o B PP RO g

350 Moo s o 49-' g iE‘ .......... 4 170

i e 7 NP UE R VU VR e i S S R S o
-, a - -4 ‘e;
250 -10 250 -10
0 2000 4000 6000 0 2000 4000 6000
Time (s) Time (s)
(a) 16-in. hot leg breaks (b) 8-in. breaks
650 T 710
@—6 Oconee Cold (172)
-0 Palisades Cold Winter (058)
@ — © Palisades Cold Summer (059)
g €
£ H
- :
2 [
m o
250 e b e A
0 2000 4000 6000 0
Time (s)
(c) 4-in. cold line breaks
650 T 710 650 T T 710
@—o Beaver Valley Cold (115) I o—o Beaver Valley Surge (003) I
@0 Palisades Cold (061) i -1 Palisades Surge Winter (060)
550 - 530 550

Temperature (K)

»

g
Temperature (F)
Temperature (K)

»
&

&

250 : ~10 250 : v -10
0 2000 4000 6000 0 2000 4000 6000
Time (s) Time (s)

(d) 2.8-in. cold line breaks (e) 2-in. surge line breaks
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8.5.2.4 Estimates of Vessel Failure factors in the following subsections.
Probability Additionally, we discuss differences between
the number of cracks initiated by pipe break
In Section 8.5.2.3, we identified break size transients vs. those that propagate through

the wall, and information concerning the time
differential between transient initiation (i.e., pipe
break) and vessel failure. The section concludes
with an assessment of the applicability of these

as the factor that most significantly influenced
the cooldown rate that results from a pipe break,
with break location and season of the year
playing more limited roles. We examine these
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findings to assessing the probability of vessel
failure due to pipe breaks in general.

In the following subsections, we compare values
of CPTWC for different transients taken from
Tables A.1 and A.2. To obtain an approximately
equivalent level of embrittlement across all
plants these comparisons use results for Beaver
Valley and for Palisades at 60 EFPY, while
Oconee results are taken at the Ext-Ob
embrittlement level (see

Table 8.6).
8.5.2.4.1 Break Size Effects

Figure 8.19 shows the effect of break size on the
CPTWC results for all three plants. Upto a
break diameter of ~4- to 5-in. (~10.16- to 12.7-cm),
CPTWC depends strongly on break diameter.
By comparison, for larger break diameters,

the CPTWC is essentially independent of further
increases in break diameter. For these larger
diameter breaks, the RCS fluid cools faster than
the wall of the RPV. In this situation,

only the thermal conductivity of the steel

and the thickness of the RPV wall control

the thermal stresses and, thus, the severity of
the fracture challenge, perturbations to the fluid
cooldown rate controlled by the break diameter,
break location, and season of the year do not
play a role. Thermal conductivity is a physical
property, so it is very consistent for all RPV
steels. Consequently, the single factor
controlling the severity of the fracture challenge
for large diameter pipe breaks is the thickness of
the RPV wall because higher thermal stresses
can develop in thicker walls. This effect of wall
thickness is seen in Figure 8.19, where the
CPTWC for the thinner vessel (Beaver Valley:
7.875-in (20-cm) thick) is consistently below
that of the thicker vessels (Palisades and Oconee
both have wall thicknesses of 8'4-in) for break
sizes above 4- to 5-in. (~10.16- to 12.7-cm).

In Section 9.2, we discuss the effects of thickness
on vessel failure probability in greater detail.
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Seasonal Effects

85.24.2

Figure 8.19 also illustrated the effect of break
location. As discussed in Section 8.5.2.2 and
illustrated in Figure 8.14, cold leg breaks are
less severe than hot leg breaks across the entire
break size spectrum because some portion of the
ECC flow is lost out of a cold leg break. The
magnitude of the influence of break location on
CPTWOC is negligible for conduction limited
conditions (i.e., for large breaks) and increases
with decreasing break size because it is for
smaller breaks that differences in injection flow
can have a significant effect on the fluid cooling
rate. In the Palisades analysis the combined
effects of break size and of seasonal variations
were modeled in more detail than in the other
two plants: Figure 8.20 shows these results.
Focusing on the 4-in. (10.16-cm) diameter breaks,
we see that the surge line break (summer conditions)
has a CPTWC approximately 300 times greater
than that of a 4-in. (10.16-cm) diameter cold leg
break. The effects of seasonal variations are less



important: at the 4-in. (10.16-cm) break size, breaks that contribute most significantly to the

a cold line break in winter has a CPTWC through-wall cracking frequency are ~1% for
approximately 20 times greater than a cold line Oconee and Beaver Valley, and ~4% for Palisades.
break in summer. It should be noted that The lower ratios for Oconee and Beaver Valley
seasonal variations are not important at all are caused by the greater dominance of
plants. Some plants have insulated RWSTs circumferential cracks as initiators in these
which mitigate the effect of outside temperature plants (see Table 8.5).
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Figure 8.20. Effect of pipe break diameter,
break location, and season (S=Summer,
W=Winter) on the conditional probability
of through-wall cracking for Palisades

8.5.2.4.3 Differences Between Crack
Initiation and Vessel
Failure for Pipe Break
Transients

Because of the lack of a significant pressure
component during a pipe break (see Figure 8.16),
these transients cause many more crack
initiations than they do complete failure of the
vessel wall. This is quantified in Figure 8.21

by the ratio of the conditional probability

of through-wall cracking to the conditional
probability of crack initiation. A ratio of 100%
would indicate that all initiated cracks also
propagated through the vessel wall.

The maximum ratio for any pipe break analyzed
is 12%. while the ratios for the large diameter
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Figure 8.21. Effect of pipe break diameter
and break location on the conditional proportion
of initiated flaws that propagate through the wall.

(CPTWCI/CPI ratios taken at approximately equivalent
embrittlement levels between plants (Beaver Valley
and Palisades at 60 EFPY, Oconee at Ext-Ob).)

8.5.2.44 Time Between Pipe Break
and Vessel Failure

As illustrated Figure 8.22, there is very little time
(particularly for large breaks) between the
initiating event (i.e., the pipe breaking) and
vessel failure. If failure is going to occur

as a consequence of a pipe break, it will happen
within ~30 min. (1800 sec.) for 4-in. (10.16-cm)
breaks. Vessel failures resulting from larger
breaks occur even faster: if an 8-in. (20.32-cm)
break fails the vessel, it does so within ~15 min.
(900 sec.). These short failure times limit the
influence of thermal-hydraulic variations that
occur at much longer times (see the plots in
Section 8.5.2.3); they also limit the time in
which operator action can occur. Additionally,
it should be noted that operator actions are not




a factor for pipe break transients because for
breaks of diameter ~2-in. (5.08-cm) and greater,
there is no action that the operator can take:
ECCS flow must continue to keep the core
covered.
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Figure 8.22. Effect of LOCA break diameter
and break location on the time at which
through-wall cracking occurs
(Break times taken at approximately equivalent
embrittlement levels between plants (Beaver Valley
and Palisades at 60 EFPY, Oconee at Ext-Ob).)

8.5.2.4.5 Applicability of Findings
to PWRs in General

While the information presented in this section
pertains specifically to the three plants analyzed,
the following three factors suggest that these
results can be used with confidence to assess

the risk of vessel failure arising from pipe break
transients for PWRs in general:

(1) Larger break sizes control the contribution
of pipe breaks to the total estimated TWCF.
In the three plants studied break diameters
above 5-in. (12.7-cm) account for more than
50% of the TWCF attributable to pipe
breaks, with break diameters of 3.5- to 5-in.
(8.9- to 12.7-cm) accounting for nearly all
of the remainder. As discussed in this
section, the severity of larger breaks is more
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consistent from plant-to-plant than for
smaller break diameters.

(2) Operator actions do not play a major role in
pipe break transients. Consequently, the
transferability of these results to other plants
cannot be questioned on the basis of differences
in operator training, experience, and so on.

(3) Atan equivalent embrittlement level,
the TWCEF is fairly consistent among
the three plants modeled. As a direct
consequence of factors 1 and 2, the TWCF
attributable only to primary side pipe breaks
is reasonably consistent from plant-to-plant
(see Figure 8.23).

In Section 9.3, we discuss the applicability
of these results to PWRs in general in greater
detail.

8.5.2.5 Comparison with Previous
Studies
8.5.2.5.1 As Reported by [Kirk 12-02]

While the specific numerical results reported
herein differ from those in our interim report
[Kirk 12-02] the general trends discussed in this
section have not changed substantively from
those reported earlier.

8.5.2.5.2 Studies Providing the
Technical Basis of the
Current PTS Rule

Our results demonstrating that pipe breaks,
particularly large diameter pipe breaks, are
dominant contributors to PTS risk represent

a substantial change relative to earlier PTS
studies [SECY-82-465, ORNL 85a, 86b, 86].

It should, however, be noted that in these earlier
studies, large diameter pipe breaks could not
contribute to the through-wall cracking
frequency because they were excluded a priori
from the analysis. This exclusion resulted from
erroneous assumptions made about the need

for significant pressure to drive through-wall
cracking, and erroneous interpretation of large-
scale tests [Cheverton 85a, Cheverton 85b]

as 1:1 surrogates for full-scale PWRs.



(See Appendix A to [EricksonKirk-PFM].)

Specifically, a series of thermal shock LE Y

experiments (TSEs) performed at Oak Ridge i

National Laboratory in the late 1970s and early 1.E06 i A |

1980s demonstrated that thermal shock alone x D‘

(no pressure was or could be applied to these § 1.E07 + | A

open-ended cylinders) could drive a cleavage a i |

crack almost entirely through the wall of a S. I . o

scaled RPV. (Figure 8-24 shows a post-test % Lkl g

photograph of the crack in TSE #6, wherein the o o)

crack arrested after propagating 95% of the way D 1E09 i <>A

through the cylinder wall.) While 95% through- g i o I

wall cracking is not vessel failure, we do not feel £ 1E10 I

that this evidence adequately justifies the o

previous judgment that thermal shock alone 2 i

cannot fail a pressure vessel for the following _§ 1B 3

reasons: w |

(1) The cylinders tested by ORNL were much % ki i 1 ' |
thicker (in comparison to their diameter) I S Doos LA
than commercial PWRs. This increased 1.E13 ¢ o1 Boaver < LOCA
stiffness makes crack arrest more likely in o 4 Palisades - LOCA
the experiment than in the actual structure. PPeTPE ICY. ERUR, DA NN T

(2) The cylinders tested in the ORNL TSEs W10 200 0 N0 0 4N
were fabricated from forgings that tended to RT from Table 8.5 [°F]

have material on the outer diameter that was
tougher (lower fracture toughness transition
temperature) than on the inner diameter.
This toughness gradient, which resulted
from the processes used to fabricate the
forgings, is not typical of the axial welds
that contribute the most to PTS failure
frequencies. Again, qualitatively, crack arrest
in the TSEs is more likely than in the actual
structure.

(3) Because the ORNL TSEs used open-ended
cylinders, the pressure component of the
loading was zero, by definition. However,
the results of our PFM calculations -

Figure 8.23. The TWCEF attributable only to
primary side pipe breaks in the three study plants

(see Figure 8-25) demonstrate that, A s R SURFACE
while ']ow, SOMC Pressure 15 retamed' within Figure 8-24. Radial profile of arrested crack
the primary system, even for large diameter in TSE 6 [Cheverton 85a]
breaks. (The crack in this experiment arrested
after propagating 95% of the way through
the cylinder wall.)
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Figure 8-25. Effect of pipe break diameter
on the pressure in the primary system
at the most likely time of failure

8.5.3 Stuck-Open Valves on the Primary
Side (SO-1)

8.5.3.1  General Description of an SO-1
Transient

An SO-1 transient begins with a demand of one
or more pressurizer SRVs. In some cases,

the SRV opens in response to a real demand,
but more often, SRVs open because of a false
demand (for example, setpoint drift). Opening of
an SRV causes depressurization and consequent
rapid cooldown of the RCS. At this stage, other
plant equipment actuates and the operators
respond in accordance with operating procedures,
injecting makeup water to address the loss

of primary system coolant caused by the open
SRV. Since the makeup water is stored in
external tanks at ambient temperature,
emergency injection further cools the
downcomer wall. At some (random) later time,
the stuck-open SRV recloses. When the valve
recloses the continued charging and high-
pressure injection causes the RCS to begin to
refill. For the first ~15 minutes following valve
reclosure, both RCS pressure and temperature
are stable or increase slightly. During this time,
it is unlikely that the primary injection throttling
criteria will be met because the primary system
is still saturated (i.e., there is no subcooling)

and the level in the pressurizer is inadequate to
satisfy the throttling criteria. After ~15 minutes,
the RCS pressure will rise very quickly (over
just a few minutes) as the pressurizer fills as a
result of the combined effects of continued
primary injection and system heatup. During
this rapid repressurization, the primary system
throttling criteria will be met, thereby allowing
the operators to act to control the
repressurization rate. The ability of operators to
throttle injection once they are allowed to
depends upon how quickly they are able to
recognize and react to rapid changes in plant
conditions, from a saturated system before
bubble collapse to a nearly solid system as and
after the bubble collapses. The rapidity of
operator response once the throttling criteria are
met controls whether, and for how long,

the RCS becomes fully repressurized.

8.5.3.2 Model of this Transient Class

Transients modeled in this class (see Table A.3
in Appendix A) include one or more stuck-open
pressurizer SRVs or PORVs that may reclose
(unstick) later in the transient. The initial
cooling rate in these transients is similar to that
of a small (~2-in. (5.08-cm) diameter) pipe break,
so it is not so rapid as to generate a considerable
challenge to the RPV (see Figure 8.19).
However, the potential for valve reclosure

at some point in the transient leads to the
possibility of system repressurization, and this
coupled with the thermal stresses from the
cooldown and the lowered fracture toughness of
the vessel (because of the reduced temperature
in the primary system) dramatically increases
the severity of this transient class over that
associated with small diameter pipe breaks.

Our modeling of this transient class includes
the following factors:

e plant power level at transient initiation
(full-power vs. hot zero power)

the random time at which valve reclosure

is assumed to occur (the possibility of
reclosure after both 3,000 and 6,000 seconds
was modeled)




e the timing of operator action (i.e., pump
throttling) after valve reclosure (modeling
considered action taken 1 minute,

10 minutes, and never after the throttling
criteria were met)‘”m

e seasonal variations
e more than one valve sticking open

¢ less than the total number of stuck-open
valves subsequently reclosing, or valves
only partially sticking open

Scoping analyses revealed the first three of these

factors to be of primary importance in
establishing the severity of the loading
challenge, while the last three factors played
very minor roles. Attention, therefore, focused
on a more detailed analysis of the first three

factors, the effects of which are described in the

following section.

8.5.3.3  Relationships between System
Characteristics and Thermal-
Hydraulic Response

The following three sections (8.5.3.3.1 through
8.5.3.3.3) examine the effects of the following
factors, based on the results of a systematic
study of these variables performed for Oconee
(see Figure 8-26 and Figure 8-27):

e valve reclosure time

¢ plant power level at transient initiation

e timeliness of operator action once the
throttling criteria are met

The results of a somewhat more limited study
performed for the Beaver Valley plant can be
found in Figure 8-28 through Figure 8-30.
Finally, we discuss how well these trends

can be expected to apply to other PWRs

1 This statement applies only to the models of
Beaver Valley and Oconee. Because of
hardware differences Palisades was modeled
differently (see Section 8.5.3.4.2).
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Figure 8-26. Oconee SO-1 transients where the stuck-open SRVs reclose after 3,000 seconds. (Transients in
the upper graphs initiate from full power, while transients in the lower graphs initiate from hot zero power.)

8.5.3.3.1 Effect of Valve Reclosure

Time on SO-1 Response

Valve reclosure is a random event that can occur
at any time after the transient begins. In our
model, we have discretized this continuum into
the two possibilities of reclosure at 3,000 and
6,000 seconds. These possibilities were selected
based on the recognition that the severity of the
transient varies with valve reclosure time. Up to
some time, transient severity increases with
increasing time before reclosure because the
temperature of the primary system is dropping
(which reduces the fracture toughness) while the
thermal stresses are still climbing (because the
cooldown is continuing). However, once the
RCS has reached its minimum temperature
(established by the temperature of the HPI
water), the severity of the event begins to reduce
because the thermal stresses begin to decline.

8-46

The 6,000-second reclosure time was selected to
coincide (approximately) with the time of
maximum transient severity because it is
(approximately) at this time that the RCS
temperature reaches its minimum value.

The 3,000-second reclosure time was selected
because it is not reasonable to assume that all
valve reclosures will occur at the worst possible
time. The potential for valve reclosure after
very long times (in excess of 7,200 seconds,

or 2 hours) were not considered because by that
time, operators would have initiated new
procedures. Since the operators’ objective is to
stop the transient (i.e., stop dumping irradiated
primary system water into containment), they
would likely depressurize the steam generators
by opening the steam dump valves to cool the
secondary side, and they would start low-
pressure injection and cool down the RCS to
saturation conditions. These actions change the
nature of the transient, making it more benign.




Also, they change the probability of operator
error. Additional information on valve reclosure
times can be found in response to Peer Reviewer
Comment #76 in Appendix B to this report.

Figure 8-26 through Figure 8-30 illustrate the
effect of valve reclosure at 3,000 vs. 6,000
seconds in both Oconee (Figure 8-26 and Figure
8-27) and Beaver Valley (Figure 8-28 through
Figure 8-30). The primary difference between
these two reclosure times is that the system
temperature at the time of repressurization is
lower for the 6,000-second case. Because the
valve has been open for a longer time, HPI of
cold water has continued for a longer time,
leading to the colder temperatures in the
downcomer. The temperature at the time of
repressurization is = 50-75°F (27.7 - 41.7
°C)colder when reclosure occurs after 6,000 sec.
vs. when reclosure occurs after only 3,000 sec.

in Oconee (compare Figure 8-26 to Figure 8-27).

In Beaver Valley, the effect of a longer time
before reclosure on the temperature at
repressurization is more modest (=25°F or
13.9°C) compare Figure 8-30 to Figure 8-28 and
Figure 8-29). Additionally, comparing similar
conditions between plants (Figure 8-27 for
Oconee vs. Figure 8-28 for Beaver Valley)
reveals that Beaver Valley cools faster and
reaches lower temperatures than Oconee. The
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origins of these differences between plants are
threefold:

e The presence of vent valves at Oconee
allows recirculation of water in the
downcomer area, leading to higher
temperatures in B&W plants.

e The mass flow rate of the PORV in Beaver
Valley is 65% greater than that at Oconee
(see Table 8.1). Thus, more cooling water is
injected into the Beaver Valley RPV in a
fixed amount of time, leading to more rapid
cooling of the primary system.

e The temperature of the injection water is
warmer at Oconee (70°F (21°C)) than it is at
Beaver Valley (50°F (10°C)), which leads
directly to lower minimum temperatures at
Beaver Valley.

Other features of the transient that contribute
significantly to its severity (e.g., repressurization
or not) are not influenced by valve reclosure
time. Whether a plant repressurizes following
valve reclosure depends on the plant power level
at event initiation, as well as the timeliness of
operator action, as discussed in the following
two sections.



650 T i T T 710 20.0 - T e 2901
(6—60-109: HPI never throttied : : [6—00-109. HPI never totlied
®---8 0-112: HPI throttied after 1 minute ! i 58 0-112: HP! throttled atter 1 minute
&= ~©0-113: HP! throttied after 10 minutes | ; & —00-113: HP! throttied atter "
i 3 H
530 15.0 Peiiniiiiinasy Poaiinaiiidiiiiiie #
3 Cs )
e g3 i
§ 350 © é ........................................ <4 1450 §
e g L : . o
170 B0 koo NG R B - 725
250 - 4 =10 0.0 v a 4 0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time (s) Time (s)
650 T T \ 710 20.0 T - T T 2901
|6—6 0-165: HPI never throttied [6—60-165: HP never throtled
88 0-121: HPI throttled after 1 minute 8- 0-121: HP! throttied after 1 minute
& ~© 0-122: HPI throttied after 10 minutes -~ 0-122: HP! throttled after 10 minutes AN
\
E T e s 0 PN RO (NN 0 SR N PN NG TN . - 530 5.0 Qoo esesmmminn s s b ni s .;.,.,\\. .................. - 2176
- - )
g Ts : )
s g2 1
B 450 |rrme Bt s e s A AB0 W B 00 Frioieniemeoriommbiomsansminses sorviioninsrrsmasesiinortbiwrnssnions fientronherss Meniisens - 1450 @
2 ra Y o
A
350 + 170 0§l 3 O E TR R o M | LT Py RN (i (e X i 4 725
”*\MM Ml R
250 — il ek e =10 0.0 * 0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time (s) Time (s)

Figure 8-27. Oconee SO-1 transients where the stuck-open SRVs reclose after 6,000 seconds (Transients in
the upper graphs initiate from full power, while transients in the lower graphs initiate from hot zero power.)
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