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1. INTRODUCTION >

.

1

1.1 Backaround

Reactor pressure vessels (RPVs) in nuclear power plants have traditionally been-
considered extremely reliable structural components. Indeed, studies completed
in the United States and Europe have concluded that the disruptive failure rate
(loss of the= pressure retaining boundary) for nuclear pressure vessels-is less

,,

than 10 8 per year at a 99% confidence level for RPVs designed, fabricated,
inspected, and operated in accordance with the Boiler and Pressure Vessel Code
of the American Society of Mechanical Engin(ers. However, recent results from
surveillance and research programs and operating experience suggest that the
issue of RPV failure probability should be reassessed. The renewed interest in
RPV failure probability is due to the observation that thermal hydraulic tran-
sients occurring in commercially operating nuclear power plants are' subjecting
RPVs to unanticipated loadings which could contribute significantly to the.
failure probability of the RPV. In addi,, tion, operating experience and research
programs over the past few years have provided additional information that more
clearly defines both material property variations in RPVs and the effect of
neutron irradiation on the material's resistance to fracture.

As a result of operating experience, it is now recognized that transients can "

occur in pressurized water reactors (PWRs) characterized by severe overcooling
causing thermal shock to the vessel, concurrent with or followed by repres-
surization (that is, pressurized thermal shock, PTS). In these PTS transients,
rapid cooling of the reactor vessel internal surface causes a temperature dis-
tribution across the reactor vessel wall. This temperature distribution results
in thermal stress with a maximum tensile stress at the inside surface of the
vessel. The magnitude of the thermal stress depends on the temperature dif-.

ference across the reactor vessel wall. The effects of this thermal stress are
compounded by pressure stresses if the vessel is pressurized.

1-1 DRAFT
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Severe reactor system overcooling events which could be accompanied by pres-
surization or repressurization of the reactor vessel (PTS events) can result
from a variety of causes. These include instrumentation and control system
malfunctions, and postulated accidents such as small break loss-of-coolant

accidents (LOCAs), main steam line breaks (MSLBs), feedwater pipe breaks, or stuck
open valves in either the primary or secondary system. As long as the fracture
resistance of the reactor vessel material remains relatively high, such events
are not expected to cause failure. After the fracture toughness of the vessel
is reduced by neutron irradiation (and this occurs at a faster rate in vessels
fabricated of materials which are relatively sensitive to neutron irradiation
damage), severe PTS events could cause propagation of fairly _small flaws that
are conservatively postulated to exist near the inner surface. The assumed

initial flaw might initiate and propagate into a crack through the vessel wall
of sufficient extent to threaten vessel integrity and, therefore, core cooling
capability.

The PTS issue is a concern only for operating PWRs. Boiling water reactors
(BWRs) do not have a significant PTS concern. BWRs operate with a large por-
tion of water inventory inside the pressure vessel at saturated conditions.

; Any sudden cooling will condense steam and result in a pressure decrease, so
simultaneous creation of high pressure and low temperature is improbable. Also
contributing to the lack of PTS concerns for BWRs is the lower fluence at the
vessel inner wall, and the use of a thinner vessel wall which results in a low-

| er stress intensity for a postulated crack.

1. 2 Staff Reviews of PTS Information Provided by Licensees and Industry

Evaluations of Pressurized Thermal Shock by the NRC staff in the spring of 1981
concluded that no immediate licensing actions were required at that time, but
that since the vulnerability of reactor vessels to overcooling events increases

( as the vessels accumulate additional neutron irradiation, extensive further
- investigations were needed to determine whether and when corrective actions

will be needed to provide assurance of vessel integrity throughout the intended
service life of nuclear plants.

,
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On March 31, 1981, the NRC'stafff held'the 'first'of many meetings that were to
occur over the following sixteen months with licensees, reactor manufacturers,
and owners groups to discuss pressurized thermal shock concerns and exchange
technical information.

,

Subsequently, the NRC, in letters dated August 25, 1981, requested the licensees
l

of eight plants representative.of older reactor vessels to provide more detailed,

information'on the present and ' projected pressure vessel materials properties,
on the probability and possible severity of events that could cause failure of
embrittled vessels, and-on the efficacy and-feasibility of several potential-
corrective actions.

_.

Many of the event-sequence analyses provided by licensees in response to the
August 25, 1981 letter can be characterized as design-basis event analyses of
the type generally submitted in Safety Analysis Reports in support of license
applications. Such analyses tend not to be of much help in evaluations of
PTS. Many of the. assumptions in such analyses were. developed and accepted for-
licensing purposes without. regard.to PTS concerns. While they appear-to be-
appropriately conservative for calculations of reactor core thermal perform-
ance, PTS evaluations need best" estimate calculations of pressure and tempera-
ture behavior. In addition, some potential event sequences that are-not.
generally analyzed in detail in Safety Analysis Reports, because their conse-
quences are bounded by the design-basis event analyses, can be of greater
significance for PTS evaluations. Thus, it is clear that plant-specific PTS
evaluations must include a systematic examination of many potential events,
with particular attention to the probability and consequences of various
possible operator actions and omissions, and equipment malfunctions.

Appendix A to this report summarizes the meetings that have been held with indus-
try, licensee responses to the August 25 letters, and the NRC staff audits of
operating procedures, operator qualifications, and training with respect to the-
PTS issue. Appendix B lists significant events and meetings concerning PTS.

*

Appendix C is a more detailed discussion of the procedures and training audits.

1-3 DRAFT
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As a result of the review of the extensive information provided by the indus-
try, and of studies and analyses performed by the staff, assisted by con-
tractors and consultants (see particularly the fracture mechanics calculations
performed by Oak Ridge National Laboratory described in Appendix 0, and the
report of a technical review of PTS issues performed by Pacific Northwest Labora-
tory, Reference 1.1), in the spring of 1982, the staff reaffirmed its previous
assessment that no immediate plant modifications were needed to protect against
PTS events (other tha. 'nrovements in procedures and operator training already
underway). However, '.i ataff concludes that some plants will require hardware
and procedural modifications in the near future. The experience of the past 18
months in generic evaluations of the PTS concerns has made it_slear that deci-
sions on the need for, nature of, and timing of, such modifications will re-
quire plant-specific, rather than generic evaluations.

1.3 Proposed Approach for Future Evaluations

For the reasons noted above, there is a need for a disciplined technical basis
to select plants for which detailed evaluations are required and to determine
the timing of such evaluations. The approach proposed by the staff is to select
a screening' criterion that characterizes the present or projected state of

~

embrittlement of reactor vessels.cs a function of neutron fluence. Licensees

of plants with vessels that are projected to reach the screening criterion
within three calendar years would be required to submit detailed, plant-specific
evaluations of: the vessel condition; the expected frequency, course and
consequences of experienced and postulated overcooling events; plant procedures
and operator training related to prevention or mitigation of PTS events;
possible modifications of plant equipment, systems and procedures that could
reduce the probability and/or severity of overcooling events; possible improve-
ments in in-service inspection methods that could provide increased assurance

I of the detection of existing flaws in critical regions of the pressure vessel;
and possible modifications to decrease the rate of vessel embrictlement or
actions to recover ductility.*

These licensees would also be required to provide a technical basis for the
acceptability of continued operation of the plant for the remainder of its

i
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> design -life.taking into account,the_ risk.of pressure. vessel failure from
pressurized thermal shock events, based on the above plant-specific evalua-
tions and such remedial actions as are proposed.

The screening criterion proposed by the staff is based on a parameter that
characterizes the state of embrittlement of the reactor vessel. This parameter
is the reference temperature for nil ductility transition, RT

NDT*

RT is a measure of the temperature at which the vessel or weld material be ~NDT

gins a transition from a ductile to a " brittle" fracture mode. Its initial

value is determined-by a destructive testing procedure. As t.be material is
subjected to neutron irradiation the value increases. Equations have been
developed to calculate the shift in RT as a function of neutron fluence forNDT
various chemical compositions of the material based on measurements of ir-
radiated materials. The value of RT at a given t6e can be used in fracture

NDT

mechanics calculations to determine whether assumed pre-existing flaws would
propagate as cracks when the vessel is subjected to overcooling events.

The staff's approach to selection of an RT screening criterion has been to
NDT

consider-the-overcooling events that have occurred in U.S. PWRs and, using a
deterministic-fracture mechanics algorithm, calculate the value of RT for

NDT
which assumed pre-existing flaws in the reactor vessel would be predicted to
extend (grow deeper into the vessel wall). These " critical" values of RT

NDT
were related to the expected frequency of the initiating events, based on the

'

limited data base (only eight events in 350 rea. tor years), and a value of
RT was selected for use as the screening criterion.

NDT

In addition, the staff considered a wide spectrum of postulated overcooling
events that have not occurred. These events were grouped into types, esti-
mates were made of their expected frequency, and stylized characterizations of
the temperature and pressure time-histories were developed for each event
type. A probabilistic treatment of the fracture mechanics calculations was
developed that permitted performance of studies to gain insights into the
sensitivity of the fracture mechanics calculations to uncertainties in the

various input parameters. By combining the calculated frequencies and

1-5 DRAFT
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characteractics of postulated events with the probabilistic fracture mechanics
results, some very approximate estimates of the probability of vessel failure
resulting from PTS events were developed and used by the staff to provide some
insight into the residual risks inherent in use of the screening criterion
approach for further evaluations and resolution of the issue of pressurized
thermal shock.

1.4 Structure of this Report

.

This report provides the NRC staff's technical basis for the selection of the
screening criterion, and a brief description of the type of p_lant-specific
analyses that would be required for plants with pressure vessels that are
projected to exceed the criterion.

Section 2 of the report discusses the frequency and characterization of over-
cooling events that have actually been experienced. Section 3 summarizes deter-
ministic fracture mechanics calculations performed for these experienced events
and parametric studies of crack growth potential as a function of the event
characteristics and RT values. Section 4 combines the results of Sections 2NDT
and 3 and proposes values of RT f r use as a screening criterion.

NDT

Section 5 presents the staff's proposed method for estimation of vessel-
specific values of RT f r comparison with the screening criterion.

NDT

Section 6 describes an evaluation of the frequency and character of potential
lower probability overcooling events.

Section 7 summarizes sensitivity studies performed using a probabilistic treat-
ment of the fracture mechanics calculations that can be used in combination
with the results of Section 6 to estimate probabilities of vessel failure.
Consideration of these results is presented in Section 8.

I

Section 9 indicates the nature and timing of the plant-specific evaluations
that would be requested for plants approaching the screening criterion.

1-6 DRAFT
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) Section 10 presentse the conclusionstand .recommendationstof'the NRC: staff'

regarding near-term actions and future programs for resolution of the pres-
surized thermal shock issue.
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2. FREQUENCY AND' CHARACTERIZATION OF1 EXPERIENCED OVERC00 LING EVENTS ~

2.1 Intreduction

.

This section of the report describes the staff's review of eight actual over-
cooling transients of interest as potential PTS initiators. The event descrip-
tions were reviewed and plots of pressure and temperature as functions of time
were developed, based on plant data available. These actual' pressure and time

histories were used as described in Section 3.0 in deterministic fracture
mechanics calculations for each event. .

In addition, the actual temperature versus time data for each event were fit to
a simple stylized characterization of the temperature transients that could be
used conveniently in parametric fracture mechanics studies. For this purpose,
the fluid temperature at the reactor pressure vessel inner surface is assumed
to decrease exponentially from the initial temperature. The equation used is:

T = T, - (T -T ) (1 - exp (-St))g f

Where T .= initial temperatura, *Fg

Tf = final temperature, 'F
S = cooldown parameter, min 1
t = time, min

For each of the operating experience events, the actual event sequences were

reviewed and values of T and S were selected to characterize the event. The
f

selection of T and p required some engineering judgment. In general, the
f

final temperature is selected to characterize the observed value when a

temperature plateau is reached that exists for 30 minutes or longer (the
thermal time constant of the vessel wall). The cooldown rate is either the
" natural" (for example,' best fit) cooldown rate or an adjusted value for cases
where the temperature increases following termination of the uncontrolled-

cooldown. The adjusted cooldown rate used is based on the Westinghouse
approach, which considered the fracture mechanics response to the actual-

temperature transients and the fracture mechanics response to the stylized

2-1 DRAFT
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formulation with an adjusted S value. The adjusted S * is obtained from

p* = 2/t*

where: t* = the time of lowest temperature,
and

p* is never less than the " natural" cooldown rate, p.

A representative constant value of the pressure was also selected for each
event. These stylized representations of the experienced events were then used
for comparison with parametric studies of fracture mechanics calculations as
described in Section 3.

Finally, the eight events of interest were used to construct a cumulative
frequency distribution of observed events as a function of T which is con-

f

sidered in Section 4 in selecting a screening criterion.

2.2 Event Descriptions

2.2.1 H. E Robinson Steam Line Break (04/28/70)

On April 28, 1970, during hot functional testing (no fuel loaded), one of the
steam generator safety valve connections failed due to overloading. A 360*

circumferential break allowed the safety valve to blow off the main steam line.
The plant conditions were:

- 533 F, 2225 psi primary
- 900 psi secondary
- 3 RCPs running

- 45 gpm charging / letdown

- no feedwater to the steam generator
.

As a result of the 6-in. schedule 80 pipe break, and with no decay heat, the
plant cooled down 213*F in 1 hour to a 320 F cold leg temperature. The oper-

ator immediately tripped the RCPs (30 seconds) and started the remaining two

2-2 DRAFT
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coolant charging pumps (70 seconds). The minimum primary system' pressure was

1880 psi; with the safety injection (SI) setpoint at 1715 psi, no safety
injection occurred. The plant was recovered to a normal no-load condition of
2050 psig and charging / letdown reestablished prior to shutdown.

A post event review of the data indicated that the pressurizer surge line did
not empty. A base case analysis was performed for the event. In addition, a

sensitivity analysis was performed without RCP trip, with only one charging
pump, and with a primary heat source. The. analysis.showed that the-pressurizer
would drain and the primary system pressure would fall below the.SI setpoint in
about 3 minutes. The cooldown was less and the pressures were-lower than the
base case analysis. It is expected that the operator actions, based on current
procedures, would be similar to this sensitivity analysis. The safety valve
stand-off piping was redesigned to prevent any similar occurrences.

The transient data for this event are provided in Figure 2-1. For the stylized

characterization = of the event the staff selected Tf = 295*F, p = 0.08' min 1 and
pressure of 2000 psig. This exponential temperature curve is compared with the.
broken loop cold leg temperature data in Figure 2-2.

2.2.2 H. B. Robinson Stuck Steam Generator Relief Valve (11/05/72)

While at nominal full power operating conditions, the operator was using steam
generator rehaf valves to provide RCS temperature control. One valve would
not reclose, resulting in the equivalent of a small steam line break. The

secondary side blowdown resulted in a reactor trip and safety injection. The

overall cooldown rate was 200*F over-a 3-hour period, to 340*F during the
course of the event. Insufficient information is currently available to
address operator actions taken during this event.

'

The transient data for this event are provided in Figure 2-3. For the stylized
characterization of the event the staff selected Tf = 340*F, p = 0.015 min 1
and a pressure of 1000 psig. The exponential temperature curve is compared
with the cold leg temperature data in Figure 2-4.

2-3 DRAFT
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2.2.3 H. B. Robinson RCP Seal SBLOCA (05/01/75)

During full power operation, RCP "C" seal number one leakage exceeded the tech-
nical specification limit of 6 gpm. A load reduction was commenced at a rate
of 10% per minute to 36% power and pump "C" was deenergized. Reacter trip
occurred due to a turbine trip resulting from the load reduction. The decision
was made to restart pump "C" when seal injection could not be restored to pumps
"A" and "B." Shortly after restarting the pump, while at 1700 psig and 480*F,
seals number two and three failed on pump "C" and the pressurizer level began
to decrease.

Safety injection pumps were ranually started, charging flow was diverted to the
auxiliary pressurizer spray to reduce pressure and the SI accumulators par-
tially injected when the pressure dropped to 500 psig.

The c6oldown for this event was from 450*F to approximately 310*F in one-half
hour, with the pressure decreasing from 1700 psig to about 1150 psig over the
period of interest. The use of the auxiliary pressurizer spray rapidly reduced
the pressure to 500 psig.

The operator used SI to stabilize pressurizer level and pressure while using
the main condenser to cool down the plant for RHR entry.

There is no indication that SI was used to repressurize the plant.

The transient data for this event are provided in Figure 2-5. For the stylized
characterization of this event, the staff selected T = 250*F, p = 0.02 min 1

f

and a pressure of 500 psig. The exponential temperature curve is compared with
the broken loop cold leg temperature data in Figure 2-6.

2.2.4 Rancho Seco NNI/ICS (03/20/78) (excess feedwater transient)

On March 20, 1978, the Rancho Seco plant RCS was cooled from 582*F to about
| 285*F in slightly more than one hour (approximately 300*F/hr), while RCS

pressure was about 2000 psig. The transient was initiated by an inadvertent

j 2-4 DRAFT



' '

DRAFT-

.

short in a DC~. power supply causing.a' loss of power to the plant's non-nuclear
instrumentation (NNI). Loss of NNI power caused the loss of most control room
instrumentation and the generation of erroneous signals to the plant's Inte-
grated Control System (ICS). The ICS reduced main feedwater, causing the
reactor to trip on high pressure. The cooldown was initiated when feedwater
was readmitted to one steam generator by the ICS (auxiliary feedwater was
restored). The cooldown caused system pressure to drop to the setpoint (1600
psig) for the safety features actuation system, which started the high pressere
injection numps and. auxiliary feedwater to both steam generators. High

.

pressure injection flow. restored pressure to.2000 psig. With control room
instrumentation either unavailable or suspect for one hour an_d, ten minutes
(until NNI power was restored), operators continued auxiliary feedwater and
main feedwater to the steam generators while maintaining RCS pressure with the
high pressure injection pumps.

The transient data for this event are provided in Figure 2-7. For the stylized

characterization of this event the staff selected Tf = 285 F, s = 0.10 min 1
and a pressure of 2300 psig. The exponential temperature curve is compared
with the cold leg temperature data in Figure 2-8.

2.2.5 Three-Mile Island 2.(03/28/79)

This accident was initiated by a loss of normal feedwater to the steac gener-
ators resulting in a turbine trip. As a result of the loss of heat sink, the

RCS overpressurized and the PORV opened, which is a normal response and in
.accordance with the NSSS design. The PORV stuck open and remained open for
about 2.4 hours, unnoticed by the operator. HPI was actuated on low pressure.
However, at about 3 minutes into the event an operator bypassed the injection
actuation signal. One HPI was turned off, and the remaining flow was reduced
as a result of a high-level indication in the pressurizer. HPI was automatic-
ally actuated again at about 3.3 hours into the event. For the first 73

minutes the RCPs were running. After this time the pumps were turned off due
to excessive vibration.

2-5 DRAFT
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The transient datg for this event are provided in Figure 2-9. For the stylized

characterization of this event, the staff selected Tf = 225 F, p = 0.04 min 1
and a pressure of 2300 psig. The exponential temperature curve is compared
with the cold leg temperature data in Figure 2-10.

2.2.6 R. E. Ginna SGTR + PORV (01/25/82)

The plant was operating at 100% power with normal pressure and temperature
prior to the steam generator tube rupture (SGTR). The SGTR resulted in auto-
matic reactor trip and automatic actuation of safety injection. On the SI

*

signal, automatic containment isolation occurred and the charging pumps were
,,

tripped. Both RCPs were tripped by the operator in accordance with plant
procedures. The operators attempted to equalize the primary and faulted SG
pressure, in accordance with plant procedures, by opening the PORV. The PORV

failed open, and the operator manually closed the block valve to stop the
coolant loss.

The transient data for this event are provided in Figure 2-11. For the

stylized characterization of this event, the staff selected T7 = 325*F, p =
0.12 min 1, and a pressure of 1400 psig. The exponential temperature curve is
compared with the cold leg temperature data in Figure 2-12.

The sudden temperature dip at about 45 minutes has been shown not to be sig-
nificant in the fracture mechanics analysis, and has been ignored in charac-
terizing this event.

2.2.7 Crystal River 3 NNI/ICS (02/26/80) (small-break LOCA transient)

On February 26, 1980, the Crystal River 3 plant experienced a small-break LOCA
transient when a power-operated relief' valve (PORV) was opened inadvertently.
The resulting transient caused a decrease in RCS temperature (whose magnitude
is discussed below) with a system pressure of about 2400 psig. The transient-

was initiated when an electrical short in a DC power supply for the plant's NNI
caused a pressurizer PORV to open, a loss of most control room instrumentation,
and the generation of erroneous signals to the plant's ICS. The ICS caused a

2-6 DRAFT
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reduction in'feedwater-flow'and a withdrawal of control rods. RCS pressure |

initially increased, tripping the reactor on high pressure, and then decreased
as coolant discharged through the open PORV. The high pressure injection pumps
started at 1500 psig and repressurized the RCS to about 2400 psig. The PORV

block valve was closed, but flow out of the RCS continued through the
pressurizer safety valves. After approximately 30 minutes, the high pressure
injection pumps were throttled back, but RCS pressure was maintained at about
2300 psig for the next one and a half hours while shutdown to cold shutdown
conditions by normal operating. procedures.was initiated.

'

Since temperatures in the downcomer are not measured, and since many of the
temperature measurements normally available were lost when in:trumentation
power was lost, minimum temperatures were calculated.

For the purpose of this evaluation, the minimum downcomer temperature is based
,

on calculated mixing in the downcomer of the HP1 with the minimum vent valve

flow-(1 vent valve), using the TRAC code and Creare (Ref. 2.1) data for thermal
mixing. The mean mixed value for T is approximately 250 F (the same value

7
indicated by B&W). A cooldown rate of 0.10 is used, based on a preliminary
review of the TRAC analysis, and an approximate time span of 20 minutes prior
to the operator regaining control of the transient. For the stylized

characterization of this event, the staff selected Tf =-250*F, p = 0.10 min 1,
and pressure 2300 psig.

2.2.8 Prairie Island SGTR (10/02/79)

This event was similar to the Ginna SGTR; however, the minimum temperature was .

350*F with a p of 0.1 per minute. E is estimated from the adjusted p* value
for a cooldown period of approximately 20 minutes. A pressure of 1000 psig was
selected. No plots of temperature and pressure data were available.

'

2.3 Summary of Operatina Experience

In addition to the eight events described in Section 2.2, 24 other events which
could have led to PTS concern have been identified. The data sources are the

2-7 DRAFT
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work performed by Phung (Ref. 2.2) and the various licensee submittals on PTS.

The final temperatures for each of the events are summarized in Figure 2-13.
It is noted that the CE submittals did not identify the Millstone-2 and St.
Lucie-1 events as PTS events of concern. It is also noted that 2 of the 3 San
Onofre-1 events were not identified by Phung. By vendor there are 21 Westing-
house events, 4 CE events, and 7 B&W events. Only the eight events discussed
above which resulted in final temperatures of 350*F and less are of interest
for the PTS analysis. These are underlined in Figure 2-13. The values of T ,

f

$ and pressure that have been selected to characterize these events are
summarized in Table 2-1.

The eight events characterized in Table 2-1 above occurred during approximately
330 reactor years of PWR operating experience. On that basis, a cumulative
frequency distribution has been plotted as a function of the final temperature
of the event, T , as shown in Figure 2-14.

f

2.4 Comparison with Westinghouse Characterization of Operatina Experience

Westinghouse believes the operational events referred to in this section
that occurred in Westinghouse-designed plants should be characterized somewhat
differently. (Their most recent discussion is contained in Appendix G.)

The comparison is as follows:

.

Event NRC T WT
f 7

HBR '75 250 327

Ginna 325 300

| HBR '70 295 295

HBR '72 340 400

Prairie Island 350 390'

i' The differences are due to three causes, according to Westinghouse.

|

| First, they state that we plotted the cumulative distribution of events
incorrectly. We agree, with respect to a much earlier curve we used. We now

! plot T correctly 'n Figure 2-14.
f

I 2-8 DRAFT
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Table 2-1.
Parameters for Stylized Representation of Experienced Events

Event T,(*F) (M 1) P(psia)

Robinson SLB (W) ('70) 295 0.08 2000

Robinson Stuck SG Valve-(W) ('72) 340 0.015 ( 1000-
Robinson RCP Seal SBLOCA (W) ('75) 250' O.02 ( 500
Rancho Seco (B&W) 285 0.10 2300

TMI-2 (B&W) 225 0.04 2300.

Ginna SGTR (W) 325 0.12 . 1400
Crystal River-3 (B&W) 250 0.10 2300

Prairie Island SGTR (W) 350 0.10 1000

.

h

e

D
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Second, they state that one of the events (HBR '70) was a pre-fuel loading
event that occurred during testing conducted to detect weaknesses exactly like
the one that was found, and, therefore, should not be included. We agree that
inclusion of the event is somewhat on the conservative side, but nota that
deletion of the event would make no significant difference in our conclusion.

Third, they state that we should terminate an event for PTS consideration when
the operator gets the plant within Appendix G cooldown limits. We do not
agree. Certainly it is true that a shutdown under normal conditions within
Appendix G limits is not a PTS concern. However, a cooldown (whether deliber-

ate or uncontrolled) within Appendix G limits immediately following a more
rapid cooldown of PTS concern can very well exacerbate the PTS concern and must
be considered.

References:

2.1. " Fluid and Thermal Mixing in a Model Cold Leg and Downcomer With Vent
Valve Flow," Creare Incorporated, EPRI Report NP-2227, March 1982.

2.2. Phung, D. L. , " Pressure Vessel Thermal Shock at U.S. Pressurized Water
Reactors: Events and Precursors, 1963 to Mid-1981," ORNL, Interim Report,
May 1982.

.
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3.$ DETERMINISTIC FRACTURE MECHANICS ANALYSES'

3.1 Fracture Mechanics Discussion
t

The calculations reported in this section are used to analyze the response of a
reactor pressure vessel (RPV) to an overcooling transient. The input informa-
tion includes (1) pressure and temperature of the reactor coolant.as a function
of time, obtained from thermal-hydraulic calculations; (2) materials properties,
including temperature and irradiation effects; and (3) an actual or assumed ini-
tial flaw. Vessel integrity analyses, the-results of which are-reported in
this document, include a determination of the temperature dis _t_ribution across
the vessel wall versus time, the thermal stresses as a consequence of this tem-
perature distribution, as well as fracture mechanics results. Thus, the term
" fracture mechanics analysis" used in this section (FM) really means vessel
integrity analysis because it includes heat transfer and stress analysis. The

stresses considered are those as a result of pressure and other causes as well
as thermal stresses.

Once the stress distribution is determined as a function of time and position,
FM examines the behavior of prexisting cracks (postulated or real) in this
stress field. For specific crack geometries, a stress intensity factor, K is'

7

calculated and compared to a material toughness property, K When K exceedsIc. 7
K f r a specified crack, the crack will initiate, i.e., grow deeper into theIc
metal. K for the crack then increases until it reaches a value equal to Ky Ia
which is another material property. The crack then arrests, i.e, stops growing
larger. The material properties (K and K73) vary with temperature and degreeIc
of irradiation damage and hence are a function of time and depth into the

~

vessel wall.

FM alogrithms consider these factors. For pressurized thermal shock (PTS)
evaluations, linear elastic fracture mechanics (LEFM) is used because, at the
temperatures involved, the metal is at less than its maximum or upper shelf-

toughness. Illustrations of typical temperature, stress and stress intensity
factor distributions within the vessel wall at different times during the tran-
sient are shown in Figure 3-1 (a), (b) and (c) respectively.

3-1 ORAFT
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The quantities KIc, the vessel toughness that determines crack initiation, and
K , the toughness at crack arrest, also vary with position and time, since theyy

are functions of irradiation and temperature. When K exceeds the value of K
y Ic

at the location of the tip of the flaw, crack initiation is expected, if warm
prestressing is not effective (warm prestressing is discussed below and in
Appendix D). the crack would then grow to a depth where K equals the value ofy

K, at the t:1 c' tte growing crack. For some transients, metals properties,
7

and flaws, K will remain above K , and the crack will go through the vessely 7

wall without arrest.

Similar results would occur for a circumferentially oriented crack except that
arrest will generally occur at shallower depths. It should be noted that the
stress intensity factor, K , for long axial cracks is higher than for long

7

circumferential cracks, especially for cracks that extend relatively deep into
the vessel wall.

Equival ,t ellculations are made as a function of time in the transient, and
the rest''.s ross plotted on a critical crack depth diagram. From this dia-
gram, the behavior of a crack versus time for a particular PTS scenario can be
determined. Such a diagram is shown in Figure 3-2.

Warm prestressing (WPS) is a phenomenon that can inhibit or prevent crack initi-
ation even though the calculated stress intensity factor, K , becomes greater

7

than the material toughness parameter, K at the time and location of the flawIc
tip. For WPS to be effective, K must be at less than a previous maximum valuey

at the time K becomes equal to or greater than K This can occur if K is
7 Ic. y

monotonically decreasing as the metal cools causing K to decrease. When theIc
course of a PTS transient can ba described with confidence, the time behavior
of K can be evaluated for determining whether WPS occurs. For generic studies,y

however, wherein the pressure variation versus time cannot be unambiguously
defined, the NRC does not assume the benefit of WPS.

In general, K will increase after its initial peak only due to an increase in
*

7

pressure.
.
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3.2; Description of FM Computer Analysis Programs-

The NRC staff utilized its own in-house FM program in performing heat transfer,
stress and fracture mechanics analyses related to pressurized thermal shock
(PTS) and has also relied on ORNL to supplement the staff analyses by use of
the OCA program as reported later in this section. The NRC program is also
utilized as the deterministic portion-of the> VISA program in performing the
probabilistic fracture mechanics, analyses discussed'in Section 7. The NRC and

ORNL programs are very similar, as. described in Appendix D. Analytical results

utilizing these programs for specific PTS scenarios have-been compared a.nd found
'

to be-in close agreement ~. Similar comparisons have been made.with results ofm

industry analyses. We conclude that the analytical methods used by'the NRC,
j ORNL aild the vendors yield essentially the same results if all fiiput assumptions

are the same. Differing conclusions result primarily from various assumptions
regarding input parameters.

When material properties and the translent are-known, fracture mechanics pro -
cedures can predict crack behavior quite well as demonstrated by comparison
with a wide variety of exeriments. The Heavy Section Steel Technology research

'

' program has included hundreds of' irradiated test samples, plus model vessels.

tested at low temperatures to include brittle c: transition behavior. Tests

have included thermal shock, and plans for the near future include combined pres-
! sure and thermal stresses.

Westinghouse vs. NRC Crack Arrest Model - When a crack initiates and

grows deeper into a reactor vessel wall, the shape it becomes depends on
its initial shape, the stress intensity factor along the crack front and

,

the relative toughness of the metal in which it is growing. Thermal

stress analyses for typical PTS transients result in higher tensile
stresses at the cooled surface where the metal is colder and hence less
tough than deeper into the wall. Based on analyses where cladding
effects are neglected and on thermal shock experiments, cracks tend to*

grow in length prior to growing deeper. In other words, the cracks

J become relatively long. For this reason, the NRC postulates long cracks

a

1
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at the time of arrest regardless of the original postulated crack
geometry.

Discussions with Westinghouse personnel indicated that their analyses
assumed a self-similar crack shape with a length-to-depth ratio of six
during crack growth and at arrest even though their two-flaw model
description was thought to indicate otherwise. The staff does'not accept
the Westinghouse assumption for the reasons discussed above. Subse-

quently, Westinghouse has utilized the same assumptions as the staff and
finds that then their results are essentially the same as those of the
NRC. The original differences in the models resulted in_,significant
differences in critical RT at crack arrest. In view of the importance

NDT
of this tratter, the staff has consulted with recognized exerts in this
field who have agreed that, although the NRC model is somewhat conserva-
tive, it is more realistic than the original Westinghouse model.

3.3 Determination of K and KIc Ia

The fracture analyses performed by utilities, vendors and the NRC have all
utilized the values of K and K given in Section XI of the ASME Code andIc Ia
reproduced in Appendix D. The Code values are bounds on the conservative (low)
side of experimentally determined toughness values. They have been correlated

using the relative temperature, T minus RTNOT, which is the reference tempera-
ture, nil-ductility transition.

RT is defined in Appendix D. It is a reference temperature that is used to
NDT

characterize the transition in material properties, from ductile to brittle,
that takes place as the temperature'is decreased. Actually, the transition in

properties is gradual, taking place over a temperature range of 100 F. The use

of the relative temperature, T-RT has been shown to allow correlation of
NDT

experimental toughness data in RPV materials at various temperatures, irradia-
tion states, and stress conditions. The Heavy Section Steel Technology frac-*

ture exrarimental data also show the T-RT correlation.
NDT

i
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Thit.initialvalue.ofRTNDT'in a new; unirradiated vessel is; quite -low (0*F),
but increases with irradiation. The NRC staff's method for estimating the
initial RT and the change in RT caused by irradiation for a given vesselNDT NDT
are given in Section 5 and Appendix E of this report. Estimates are given for
RT at the inside surface of the vessel wall (at the clad-base metal inter-NDT

face) for the critical locations, which are almost always the welds, either a
longitudinal weld or a circumferential weld in the beltline. The-attenuation
of RT through the vessel wall is"then calculated to get K and K at theNDT Ic 73,
tips of postulated cracks (see Appendix D).

3.4 Generic Deterministic Studies of Crack Initiation
, , ,

Using the models described in the preceding sections and in Appendix D, NRC and
ORNL have performed a variety of deterministic FM analyses. The results are
given in Appendix 0 and are summarized here.

3.4.1 Stylized Transients

The stylized transients used are described in Section 2.1, characterized by
~

constant pressure, P, initial water temperature of 550 F, final water tampera--
ture, T , and exponential decay constant p, minutes 1 The water-temperaturef

is assumed to be uniform over the inner surface of the vessel. A constant heat
transfer coefficient, h, is used for the water-metal interface. An infinitely

long through-clad flaw is assumed to exist on the inner surface of the vessel
wall.

.

3.4.2 Crack Initiation for Stylized Transients

At the request of the NRC staff, ORNL performed a series of analyses with
different assumed values of T , p, and P assuming that crack arrest and WPS

f

were not effective. The results are plotted as a series of curves of pressure
versus T - RTNDT, an example of which is Figure 3-3. Other examples are pro-f

vided in Appendix D. Note that from these diagrams, the thresholds of crack
initiation can be determined. Thus, for a specific vessel RT and a given p

NDT
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and T , it is possible to determine the limiting pressure to avoid crack
f

initiation.

Utilizing Figure 3-3, it is possible to relate approximately the RT that a
NDT

vessel must possess to avoid crack initiation for a given transient to the
final temperature of the transient. For conservatism when considering a
generalized event, it is assumed that a moderately fast cooldown has occurrred
(p = 0.15 min 1) and that full pressure (2300 psig) exists in the vessel since
there is no assurance that it will be possible to take credit for automatic or
manual pressure reduction. Thus, the upper right-hand portion of the figure is
used, and it is seen that, for T of 250 to 300 F, and for lo_n_gitudinal flaws,

7
final temperatures approximately 5 F above RT are acceptable, but as one pro-

NDT

ceeds to more severe enoldown events (Tf = 150 F) the final temperature must
stay as much as 20 F above RT

NDT*

3.4.3 Sensitivity Studies

In addition to the many uncertainties regarding PTS scenarios such as the temper-
ature a.d pressure profiles versus time, the degree of mixing of cold with warm
water, etc., parametric uncertainties in the stress and fracture mechanics

analyses become significant when the cooldown temperature, T , is approximately
f

equal to RT because small changes in assumptions can influence whether or
NDT

not crack initiation is predicted. The staff performed analyses similar to
those by ORNL with various assumptions as to crack shape and orientation with
and without cladding-induced stresses and for different models for fluence
attenuation through the wall in order to determine the effects of these as-
sumptions. (Cladding stresses are induced because of the different co-
efficients of expansion of the stainless steel cladding and the carbon steel
of the vessel wall.)

Sensitivity studies used a base case with Tf = 250 F, p = 0.15 min 1, and con-
sidered various values of P. Some results are shown in Figure 3-4. The thres-
hold value of RT f r crack initiation is given.

NDT
.
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Thetimportance of the< pressure >(assumed constant ~in these stylized transients)'
is shown in Figure 3-4. The critical RT value of 245"F for a 2250 psig tran-NDT

sient is increased to 290 F if the pressure can be limited to 500 psig during
the time interval of nigh thermal stresses.

Cladding-no cladding comparisons (Figure 3-4) show a decrease of 10 F in criti-
cal RT when the cladding effect is included.

NDT

For this reference transient, with RTNOT = 294 F, the pressure.has to be reduced.
to near saturation within'about'30 minutes to avoid crack initiation. However,

if the pressure remains constant after an initial drop or monotonically decreases
with time for this stylized transient, WPS at about 18 minutes would be effec-
tive, and crack initiation would not occur. The measured temperatures and

pressure experienced in actual overcooling transients (Section 2.2) show ups
and downs, some of which would be predicted to negate WPS.

The orientation of postulated cracks affect their behavior during a 9TS event.
For a specified thermal transient and.the same shape and depth of a pre-existing-
crack, the thermal stress intensity factor for a circumferential orientation
is less than that for an ax.ial orientation. The difference is minimal for
shallow cracks but becomes significant:for deep cracks. The reason for this
difference is the relative stiffness of the vessel wall in the two directions
which is accounted for in the fracture mechanics and analytical model. For
typical reactor vessels, the axial and circumferential thermal stresses are

essentially equal in magnitude. Axial pressare stresses, on the other hand,
are about a factor of two lower than tangentiel stresses; the axial stresses
affecting circumferential cracks and tangential stresses affecting axial
cracks. Thus, the total axial PTS stresses are equal to or less than the
tangential stresses depending on the system pressure. For the above reasons,
circumferential cracks are more tolerant of PTS events.

'

The difference between the two orientations in terms of critical RT depends
NDT

on the specific PTS scenario. A limited number of examples describea in
.
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Appendix D show that for relatively severe postul'ated transients, the RT
NOT

difference is about 30*F for crack initiation and the order of 100*F for crack
arrest situations. The higher RT s are for circumferential cracks.

NDT

Detailed comparisons of Westinghouse and NRC calculations show the following
sensitivities:

Assumptions Change in critical value of RT FNDT,
(a) Cladding vs. no clad stress 10

(b) Continuous flaw for intiation vs.
elliptical flaw (a/c = 1/3) 20.

2(c) h = 300 BTU /hr-ft _oF vs. Westinghouse 15

| free convection correlation

The above tabulated assumption differences account for a total variation of
about 45* in critical RT between staff analyses and those of Westinghouse,

NOT
with the Westinghouse assumptions giving higher values of critical RT than

NDT
the NRC assumptiens. The NRC staff is inclined to accept the Westinghouse as-,

sumptions (b) and (c) as more nearly realistic than the NRC staff assumptions,
1

but believes that the cladding effect should be included in accordance with the
NRC assumption.

Such " fine tuning" details are relevant to all calculations but are believed

by the NRC staff to be within the error band of such calculations. Only for
limiting transients like the small break LOCA with stagnated circulation
(Section 6 and Appendix G) are these minor corrections important; they are
taken into consideration there.

3.4.4 Crack Arrest

For much more severe thermal transients, crack initiation may occur due to high
'

thermal stresses. In this case it is appropriate to consider the potential for

crack arrest. Figure 3-2 is a schematic representation of a critical crack
depth diagram to illustrate the analytical model used by the staff for

l'
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determining; acceptable arrest criteria. For a.small crack, the path of'thee
transient is shown by the dotted line in Figure 3-2. An initial flaw of
critical depth is shown; smaller or larger flaws would initiate later. After

initiation, the crack runs until Kg = K , as shown, then arrests.g

Although the K , arrest value becomes quite high at larger times, the model ing

its simple form does not include ductile tearing. For this reason, a maximum,
allowable value of K is imposed, the " upper shelf" value. For NRC'Ia

2calculations, an upper shelf toughness of 200 ksi (in.) is assumed; however,
higher or lower values may be more' appropriate for a specific materia.1.

_.

The vessel remains intact if WPS prevents crack initiation or, if a crack ini-
tiates, it arrests, and for crack depths such that K is lower than the uppery

shelf value.

Since the total stress intensity is the sum of pressure and thermal contributions,
if the thermal value is known at the time of'WPS, a diagram like Figure 3-2
gives the maximum pressure allowable for crack arrest. When the thermal stress
intensity factor is known at the time of WPS, the maximum pressure is deter-
mined'such that arrest will occur at or-before the tiine of WPS and for crack
depths such that K is below the upper shelf curve. The limiting case-is shown

7

as point "A" in the. figure.

For transients that have actually occurred, it is not necessary to make assump-
tions of the stylized transients of Section 2.1 and the preceding sections of
this chapter. Rather it is possible to perform fracture mechanics calculations
for the pressure-and temperature history as it actually occurred. These calcu-
lations were performed assuming a range of RT values, for the eight over-

NDT
cooling transients experienced to date and described in Section 2.2. Thus, it

was pcssible to predict the limiting vessel material condition (critical RT
NDT

or RT ) necessary to prevent vessel failure for each of these experiencedc
transients. The results are shown in Table 3.1, for longitudinal cracks,
together with results from Section 2.2 of estimating T , s, and P for stylized

f

transients to approximate the course of the events actually experienced.

3-9 DRAFT
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It'is seen that, with the TMI exception (where cooldown must stop 16*F above

RTNDT) cooldowns to estimated values of Tf NDT
from 10*F to 100 F below RT are

not predicted to fail the vessel.

When compared with the results of the stylized procedure presented in Section

3.4.2, which showed that cooldown should stop 5 F to 20 F above RTNDT, this
result shows some of the conservatism generally present in the stylized pro-
cedure compared to direct calculations of critical RT f r experienced

NDT
events.

-.

k

.

O

e

f

3-10 DRAFT

. . . -- - - - . - _ . ._ -



' "

DRAFT-

.

'

Table =3.'1

IPlant and Year T (*F) p(min 1) P(psig) RT |f c

TMI 225 0.04 2300 209

HBR '75 250 0.02 500 354

Ginna' 325: 0.12_ 1400 378.
Rancho Seco- 285- 0.10 2300- 295

HBR''70 295 0.08 2000 321

HBR '72 340 0.015 1000' 381
,,

Crystal River 250(?) 0.10 2300 (250)
Prairie Island 350 0.10 1000 (400)

RT is the RT that is necessary to prevent crack initiation based on actual
c NOT

Pressure and Temperature variations with time. Stylized values of T,, s, and

P are shown from Section 2 but were not-used-in these calculations to determine-
RT '

c

.
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4. S, ELECTION OF SCREENING CRITERION

,

The experienced events discussed in Section 3 were used as the basis for
selecting a RT screening value, as described in this section.

NDT

The events were listed on-Table 3.1 in terms-of the cool down temperature (T',
first column) and in terms of the critical RT described in Section 3.4.4

NDT
(RT , last column). Based.on about.330 total PWR reactor years operatingc
experience in the United States, the T values for the eight' events can be

f

used to develop a plot of the cumulative frequency per reactor year of events
with final temperatures lower than the temperature shown. This was done in
Figure 2-14. Similarly, the RT results of Table 3.1 were used to develop ac
plot of the cumulative frequency of events versus the RT for which the deter-

c
ministic fracture mechanics calculations predict, crack extension will occur
(Figure 4-1).

From examination of Figure 4-1, it appears that for a reactor vessel with an-
actual RT value of about 270*F, the deterministic fracture mechanics calcu-

NDT

lations described in Section 3 above would predict no crack initiation from pre-
existing flaws in axial welds.for overcoolirg events that have been experi-
enced with a frequency of about 6 x 10 3 per reactor year or larger. As

discussed in Section 3, the corresponding value for circumferential welds for
events in this temperature range is at least 30*F higher, due to the
difference in stress intensity factors.

The staff proposes that RT values.of 270*F'for axial welds, and 300 F for
NDT

circumferential welds be used as screening criteria to determine when plant-
specific evaluations should be performed for operating plants. It is recog-

nized that the choice of a criterion for action on the basis of generic deter--
ministic fracture mechanics analyses and the limited number of overcooling
events that have occurred is subject to many uncertainties and assumptions,
some of which are conservative, and some are nonconservative.
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The use of-an experience base:ofzonly eight events to develop an expected
frequency distribution clearly yields values with large uncertainties and does
not take account of lower probability events that have not yet occurred. In
addition, the temperature histories used in the fracture mechanics calculations
were measured in the cold leg ofping, whereas the temperature of interest (at
highly irradiated welds) is in the reactor vessel downcomer which might have
been colder.

The fracture mechanics calculations assume that flaws of critical size are

present at the limiting welds (those with highest RTNDT). This;is clearly a

conservatism in the analysis, but one which cannot be quantifjed.

Because the intent is to select a screening criterion generically, covering a
wide range of transient sequences, the analysis does not take credit for the
warm prestress phenomenon which would be effective in many actual transient
sequences. On the other hand, no account has been taken of the effects of weld
residual stresses.

Perhaps the most significant uncertainty in the treatment described thus far is
that there are known low frequency potential overcooling events much more
severe than those that have been observed. Because these events have<not
occurred, they have not been taken into account in the frequency distribution
used.

Because of all of the nonquantified uncertainties noted above, the staff has
also examined what insights can be gained from calculations of the character-
istics of various postulated overcooling events and estimates.of their expected
frequency of occurrence; and from a probabilistic study of the fracture
mechanics calculations. These considerations are described in Sections 6, 7
and 8.

.
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5. DETERMINATION OF RT
NDT

'

5.1 Introduction

If as is recommended in this report, a value of RT is selected to serve as aNDT
screening criterion to determine the timing of plant specific evaluations of
possible needed modifications to-provide protection against pressurized thermal
shock events, then it is important for the staff to select a suitably conserv-
ative and uniform method for determining the plant-specific values of'RT at

NDTa given time. During the serv. ice,lifs of the reactor vessel the initial value
of RTNDT (RTNDT( )) increases becabse of neutron.irradiatio n y an amount
ART which depends on fluence and materials properties. The initial value,NDT

RTNDT( ), is determined from materials tests made at the time the vessel was
fabricated. The change ART is determined from fluence measurements andNDT

calculations and from trend curves, based on tests of irradiated specimens,
that predict the effects of neutron irradiation. There are a number of

uncertainties in the estimation of both RTNDT( ) and ARTNDTand it is important
to establish a prescribed method for calculation with a degree of conserva-
tism appropriate for use in connection with the screening criterion. The

methods described in this section were selected based on the recommendations of
an NRC Working Group of staff members and consultants (Reference 5.1). The

methods and the bases for them are presented in greater detail in Appendix E of
this report. The uncertainties in estimates of fluence are discussed in
Appendix F.

5.2 Estimation of Initial RT
NDT

The summer 1972 Addenda to Section III of the ASME Boiler and Pressure Vessel
Code contained the first requirements for measurements to be made at the time
of fabrication of RT f r the plates, forgings, and welds that make up theNDT
reactor vessel. Two types of tests are required--drop-weight tests and Charpy
tests. However, most of the vessels of concern regarding PTS were fabricated
in the 1960's when only Charpy tests were required.

,

i
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Typically, the data available comprise three Charp tests at 10 F for each plate,
forging and weld, complete Charpy curves for the surveillance weld and base

materials, and in cases where the base material was controlling, some drop
weight data on archive or surveillance material. In the past, the NRC has
used the guidelines given in the Standard Review Plan Branch Technical
Position MTE8 5-2, to obtain an estimate of initial RT In summary, thoseNDT.
guidelines were to use the temperature corresponding to a Charpy 30 ft.-lb.
level, but not lower than 0*F. The Charpy curves from the surveillance tests
were used to guide any extrapolation needed to get the 30 ft.-lb. temperature
from the three test results at +10 F. Such estimates are not very satisfactory,
however. They are overly conservative for some cases. -

From compilations of data obtained subsequent to the time the vessels in ques-
tion were made, it is possible to divide the welds into two groups according
to the weld flux used, and to develop a mean value and a standard deviation
(sigma) for the generic data. One must then decide if it is prudent to use
the mean generic value as the best estimate for the vessel welds in question.
Except for some arch.ive material, the welds that are represented in the data
base were made at a later time than the vessel velds. There may have been

some differences in weld chemistry or welding practice. Furthermore, even if
there were actual RT values for the vessel weld in question, the samplesNDT

would come from weld metal qualification welds, not from actual vessel weld
prolongations and not from full thickness test pieces.

The staff has concluded that a suitably conservative method for' estimating the
initial value of RT f r use in comparisons with the screening criteria pro-NDT

posed in Section 4 is to use the mean value as described above with an adjust-
ment for the standard deviation as discussed in Section 5.4 below. Additional
discussion and details regarding the estimation of the initial RTNDT are pre-
sented in Appendix E and in Reference 5.1.

5.3 Estimates of the Shift in RT Due to Radiation (ART 1NDT NDT

Two methods are generally used to estimate the shift in RT caused by
NDT

|
i
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neutron irradiation'of the pressure vessel: (1) tests of metallurgical sur--
veillance specimens irradiated in the reactor vessel, and (2) " trend curves"
of ART as a function of weld chemistry and neutron flux developed fromNOT

analyses of a large number of irradiated specimens.

Many older operating plants have withdrawn and tested surveillance specimens.
However, there are problems associated;with'using individual surveillance
results as the sole source of information about a plant. First, the surveil-

lance weld often does not match the critical vessel weld exactly, i.e., the

weld wire heat numbers are different. A broader problem is that caused by
scatter in the ART data. This results in part from the r2Et that ART isNDT NOT
the difference between the curves for irradiated and unirradiated material,
both of which were fitted to data that typically show considerable scatter.
Thus, there is a preference for the use of trend curves, instead of individual
surveillance data.

Since publication in April 1977, Regulatory Guide 1.99 Rev. l_contains the
procedure recommended by the NRC to obtain ART as a function of~ chemistry

NOT
and neutron fluence. Copper was the dominant residual element in the
chemistry term (the other was phosphorus).

Critics of Regulatory Guide 1.99 have asserted that (a) the curves are too con-
servative at high fluences, especially for low-nickel materials, and (b) the
phosphorus term is not supported by recent studies such as that of the Metal
Properties Council (Reference 5.2). Evidence has been accumulating for
several years that low nickel materials are less sensitive to neutron radia-
tion. When the PWR surveillance data base was analyzed by the NRC in October
1981, the-difference between high- and low-nickel content material was-
apparent. Westinghouse and CE reported similar findings and presented
empirical equations for the low-nickel material. (B&W has no plants with

low-nickel materials in the reactor vessel.)

The PWR surveillance data have now been fitted by a multiple regression
analysis technique. The work was done at HEDL by George Guthrie (Ref. 5.3).
The Guthrie mean curve is as follows:

5-3 DRAFT
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ARTNOT = (-10 + 470 Cu + 350 Cu Ni) (f/1019)0.27
where: ARTNOT = adjustment of reference temperature degrees F

Cu = weight percent copper
Ni = weight percent nickel
f = fluence, n/cm2 (E>l MeV)

The standard deviation obtained from the analysis is 24*F.

;

As shown in Appendix E, the Guthrie mean curve has been compared with a mean
curve developed by the Metal Properties Council (MPC) for ASTM Committee E-10

on Nuclear Technology and Applications (Ref.'; 5.2). The MPC 2 ta base contains

all of the test reactor and surveillance data that were available in November
1977, and that fit the criteria for mate' rial form and irradiation temperature.

'

There is reasonably good agreement between the MPC trend curves and the Guthrie

curves, considering that the MPC curves were for a range of nickel content, but
were without a nickel term in the equation.

The MPC trend curve did not contain a phosphorus term, because in the regres-
sion analysis the addition of a phosphorus term did not produce any
significant decrease in the residual variance. In a tarther study of this t

finding, the MPC Task Group found a statistically significant relationship of
phospho.rus content to copper content, i.e., high phosphorus was found with
high copper. Thus, their combined effects were represented in the MPC trend

! curve formulation by a copper term alone.
t

|-
For high values of copper and nickel contents, the Guthrie mean curve

.

described above gives values higher tihan thon predicted by that part of the
Upper Limit Curve of RG 1.99, given by the equation: -

: ARTNOT = 283 (f/100)
!

Experience has shown that the latter equation bounds the availabic data.
;

,

Therefore, in developing the method for estimating RT values to be compared4

NDT
' with the screening criteria proposed in Section 4, the staff recommends that

!

! 5-4 DRAFT
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ART 'OT be. calculated using a-combination of-the Guthrfe-mean curve and the RGN

1.99 upper bound curve, with adjustments for the standard deviation as dis-
cussed in Section 5.4.

5.4 Recommended Method for Calculation of RT
NOT

An NRC' Working Group of staff members and consultants reviewed the available
information regarding RT determinations and recommended that the followingNOT

method for' calculating RTNOT~ values for specific reactor vessels be used for
*

comparison with-the screening criteria >of'Section 4-(Ref. 5-1).
::

The value of RT at the inside surface of the vessel should be taken as theNOT
lesser of:

2y 2
RTNOT = RTNOT(0) + ARTNOT(mean) + 2og

RTNOT = RTNOT(0) + ARTNOT(RG) + 2ag

where: RTNOT(0) = the mean value of the initial RT determined as
NOT

described in Section 5.2 above and in Appendix E.

ARTNOT(mean) = the mean value of'RT based on the Guthrie trendNDT
curve

(-10 + 470 Cu + 350 CuNi) (f/1019)0.27=

ARTNOT(RG) = the portion of the upper bound curve of Regulatory
Guide 1.99 for high values of copper and nickel
contents

283 (f/1019)0.194=

the standard deviation value from the RTNOT(0)
o =g

analysis (see detailed discussion in Appendix E)

the standard deviation for the Guthrie mean curveo =g
24*F=

l

| 5-5 DRAFT
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Cu = weight percent copper

Ni = weight percent nickel

and f= fluence, n/cm2 (E>l MeV) (See discussion of fluence
uncertainty in Appendix F.)

Note that the second of the two equations above does not include a standard

deviation term for ARTNDT(RG) since the Regulatory Guide term used is an upper
bound equation.

--
-

This formulation is plotted in Figure 5-1 for three values of copper content
and a nickel content of 1%.

REFERENCES

5.1 Report of the Working Group on RTNDT, Memo, M. Vagins to S. Hanauer,
August 30, 1982.
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6. CONSIDERATION OF LOWER PROBABILITY EVENTS

6.1 Identification of Event Sequences with Sionificant PTS Risk

In order to determine the potential significance-of challenges <to-reactor
vessel integrity due to= pressurized thermal shock from-lower probability events,
a systematic approach which identifies all relevant sequences of' single and
multiple failures from all pertinent initiating events is needed. Event tree
techniques are an orderly approach for performing this quantification. Such a

study using probabilistic methods and mostly existing PRA data bases was
performed by Westinghouse for the Westinghouse Owners Group (WOG). The

description and results of this study were submitted to the NRC by the WOG as
Reference 6.1. The staff accepts the methodology used in the study to
identify event sequences which contribute to risk from pressurized thermal
shock and important portions-of the discussion presented below have been
adapted from Reference 6.1. Although there is agreement with WOG on the-
structure of the events that should be considered, the staff differs with the
WOG in the resulting frequencies for many of the event sequences significant to
PTS.

"The approach taken is to first identify the set of all the initiating
transients or events which either by themselves or along with succeeding

j failures could lead to potential challenges to vessel integrity. The sequence

of accompanying branching chains of events including component failures and
their probabilities is logically traced out in the event trees. The output of
the event tree is a set of end states and their frequencies. These end states
can then be evaluated for potential challenges to the vessel from pressurized

I thermal shock. The sum of the frequencies of the end states which are
potential challenges is the total frequency per reactor year of vessel
integrity challenges summed over all types of initiating events"
(Reference 6.1).

6-1 DRAFT
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Initiating events used in this study are presented in Table 6.1 and include
those which either directly or through consequential failures may lead to
PTS. These events are the same as those used in recent risk studies. The

first eight of these initiating events do not in themselves result in PTS, *

however, consequential events postulated as a result cf these first eight
initiators do result in transients with PTS. The events which could lead
directly to a PTS challenge are small LOCAs, excessive feedwater, steamline
rupture, and steam generator tube rupture. Consequential failures for these

initiators can also enhance their seriousness as a cooldown challenge.

~

We believe that the WOG study has been sufficiently general a~nd thorough to
identify the event sequences of greatest significance to PTS risk. For the
purposes of this study we have adopted the significant event sequences that
they have identified in modified form after staff review. All of the signifi-

cant event sequences have been characterized by the staff with respect to
frequency per reactor year, the temperature time constant p, and the final
reactor coolant system temperature at the pressure vessel wall. The staff
review and evaluation of these event sequences included important changes to
the initiating and consequential event frequencies based on the staff's PRA
studies including Reference 6.2. Some changes in the temperature time
constant and the final reactor coolant system temperature at the pressure
vessel wall were also based on what we believe to be better thermal hydraulic

~

analyses for some of the events censidered. The event seouences determined by
the WOG as reviewed and evaluated by the staff are further addressed in

I separate categories below.

6.2 Characterization of Specific Groups of Event Sequences Identified as Con-
tributors to PTS Risk

As a result of the above more general approach to the problem of identifying
event sequences reported in Reference 6.1, we believe that the events of sig-
nificance to the PTS issue have been identified as secondary (steam side)
depressurization, small-break loss-of-coolant accidents, and steam generator

| tube ruptures (special case of small-break LOCA). In order to characterize
individual event sequences within each of these groups, certain additional

l

!
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parameters-have,been-identified which determine the, significance of these
sequences as a PTS challenge.

The level of decay heat present during an initiating event is an important
parameter in the cooldown from a given transient. The level of decay heat is
related' principally to the operational history (full power operation, hot zero
power, other) immediately preceding the transient. The frequency of
challenging event sequences are thus differentiated by the operational status
of the plant.

The time ' allowed prior to initiation of proper operator actt'd1 is another
parameter that is important in some sequences. This variable has been used as

'

a parameter in the results which characterize certain sequences that are
presented below.

6.2.1 Secondary (steam side) Depressurizations

This group of cooldown events which involves some type'of opening of the steam
system includes steamline rupture of all sizes, inadvertent safety relief
valve open to atmosphere, inadvertent steam dump valve open to the, condenser,
reactor trip without turbine trip, or operator error which results in any of
these malfunctions. The transient is characterized by a rapid cooldown of the
primary coolant system with shrinkage and consequential rapid depressurization

.

| until safety injection is actuated providing additional cooling and eventual
primary repressurization. Natural circulation and, therefore, good mixing
conditions are maintained in this transient for greater than 30 minutes unless
low decay heat levels exist. -

Parameters which are important with respect to severity of reactor coolant
system cocidowns are (1) plant operational status (decay heat level), '

(2) operator action time to isolate auxiliary feedwater flow, (3) break size,
(4) reactor coolant pump operation, and (5) location of the depressurization
opening with respect to the main steam isolation valves.

6-3 DRAFT
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Main Steam Line Break (MSLB)

An MSLB with break area larger than 6 inches equivalent diameter, results in a
rapid cooldown of the primary system. The final temperature can be as low as
around 200'F, depending on the plant operating status (decay heat level) and
operator action to terminate auxiliary feedwater. The system will
repressurize as a result of safety injection and may reach a pressure in
excess of 2000 psig depending on when operator action is taken to terminate
safety injection. The MSLB results in a signal to close the main steam
isolation valves (MSIVs) so that only leaks upstream of the MSIV result in low

; final temperature. The event frequency, temperature time cffstant p, and final
,g reactor coolant system temperature for the parameters of initial power and

time for operator action to isolate feedwater are presented in Table 6.2.

The staff results presented in Table 6.2 show that the frequency of this event
is significant to PTS risk whereas the frequency determined by the WOG study
is extremely low. The staff's final reactor coolant system temperature for
this transient is, however, much higher than the WOG result based on what we
believe to be more realistic thermal hydraulic analyses for this transient.

Small Steam Line Break (SSLB) or Stuck Open Steam Generator Safety / Relief Valve

The SSLB or stuck open SG safety / relief valve can result in an overcooling
transient similar to the MSLB but of longer duration due to the smaller break
size. This event has a much higher frequency than the MSLB. The event
frequency, temperature time constant , and final reactor coolant system
temperature for the parameters of initial power and time for operator action
to isolate feedwater are presented in Table 6.3. The staff's results indicate
a somewhat higher frequency for this event than the WOG study.

6.2.2 Small-Break Loss-of-Coolant Accident (SBLOCA)

The cooldown transient from an SBLOCA of the reactor coolant system includes
reactor coolant pump seals, primary power-operated relief valve or safety
valve failure or leakage as well as actual piping breaks of various sizes in

|
,
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hot or cold-legs. For breaks.less than a critical ~ break, size of about 1.5

inches, natural circulation is maintained and mixing occurs and the resulting
cooldown rates are not expected to exceed Appendix G limits of less than 100 F

,

per hour. Both the reactor coolant pump seal leak (break equivalent to 0.5
inches) and stuck open power-operated relief valve (break equivalent to 1.4

j inches) are included in that category.

Break sizes greater than 1.5 inches up to 6 inches'are also included as SBLOCAs.
For these breaks, the safety injection flow is less than the break flow,
resulting in a net. mass loss from the piping system. Loop flow (natural cir-

culation) can be lost for this range of breaks, resulting in i rapid cooldownn

due to the cold safety injection flow. The exact break size where loss. of flow
occurs is dependent on the safety injection flow rate (and makeup flowrate),
the break location, the decay heat level, and the SG (heat sink) performance.
Because of the stagnation of flow, mixing of the safety injection water is poor
and rapid cooldown of the vessel could result.

We have reviewed the frequency of events that may result in stagnated loop
conditions such as SBLOCAs in the 2- to 6-inch equivalent diameter range.
There are several small diameter pipes in the range of 2 to 4 inches connected
to the main primary system piping. These include charging and letdown lines,
RTD bypass lines, pressurizer spray lines, power-operated relief valve lines,
and safety injection lines. SBLOCA events in the 2- to 6-inch range are dominated
by non-isolatable breaks and, therefore, operator action is not a major
parameter. The event frequency, temperature time constant s, and final
reactor coolant system temperature are presented in Table 6.4.

As discussed above, these LOCAs can be differentiated by breaks smaller than
about 2 inches where loop circulation is maintained (and good mixing of the
cold safety injection water is therefore achieved) and breaks larger than
about 2 inches where loop circulation is lost (and poor mixing of safety injec-
tion water results). The WOG judged LOCAs with effective diameters greater
than 2 inches to have a negligible probability of causing vessel failure, so
they only included LOCAs with breaks less than 1.5 inches. We agree that
breaks in the size range less than 1.5 inches have small time constants and

6-5 DRAFT
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appear similar to slightly accelerated shutdown transients where the operator
can be expected to control the pressure.

The significance of breaks in the 2- to 6-inch range to PTS risk has been
separately analyzed. Fracture mechanics analyses performed with a more exact
representation of this cooldown transient show that the PTS risk from this
transient is less than could be anticipated and consistent with the screening
criteria proposed (see Section 8).

6.2.3 Steam Generator Tube Rupture
:-

The response of the reactor coolant system to a variety of steam generator
tube failure events, up to the complete severance of a single tube, has been
analyzed in Reference 6-1. These analyses simulate automatic protection
systems, such as reactor trip and emergency core cooling systems, as well as
operator actions. A steam generator tube failure should not result in a rapid
cooldown of the primary or excessively high reactor coolant system pressures
if current plant operating procedures are used. In general, natural
circulation should develop in all primary loops and mix with incoming safety
injection flow to preclude local temperature depressions if RCPs are stopped.
However, the subsequent operator actions to terminate primary-to-secondary
leakage may rapidly cool the reactor coolant system for short periods and may
stagnate the faulted loop. In that case, local temperature depressions due to
continued safety injection flow may occur. The period of this temperature
depression is expected to be short and should not represent a significant PTS
challenge to vessel integrity. The event frequency, temperature time ccostant
S, and final reactor coolant system temperature are presented in Table 6.5.
The frequency for this event estimated by the staff is significantly greater
than that determined by the WOG.

6.3 Frequency of Low Probability Event Sequences Contributing to PTS Risk.

Tables 6.2, 6.3, 6.4, and 6.5 summarize the groups of postulated event
sequences that appear to be significant PTS initiators in terms of their
estimated expected frequency, and the parameters for a stylized transient

6-6 DRAFT
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l

(T , p and P). Calculations also have been:made.of' typical temperature-and- !f

pressure behavior for each class of events. In principle, each of the
sequences could be used to perform deterministic fracture mechanics
calculations for a range of vessel RT values to determine the limiting |

NDT

value, RT , necessary to prevent crack initiation for each type of event, asc
was done,for actually experienced events in Section 3.5 above. However, such

1calculations have:not been made. Alternatively, the. data of Tables 6.2, 6.3,
6.4, and 6.5 can be used to construct a cumulative frequency versus T distri-

f

bution'similar to that'done-for' experienced. events in Figure 2-14. This dis-
tribution is'shown in Figure.6-1. In'Section 3.5 above, it is shown'that based
on the deterministic fracture mechanics parametric studies, Y6r relatively fast
cooldown event (p = 0.15 min 1) with final temperatures in the 250-300*F range
and high system pressures ($2300 psig), crack initiation (in longitudal welds)
is not predicted if T is about 5-10*F higher than RT Thus, the distribu-f NDT.
tion curve of Figure 6-1 suggests that vessels with an RT of 270*F (theNDT
suggested screening criterion discussed in Section 4) would not be~ expected to
experience longitudinal crack extension for events with frequencies greater
than about 6 x 10 3 per reactor year. This conclusion is similar to that
obtained in Section 4 considering actual experienced events.

However, the frequency distribution of Figure 6-1 extends to lower probability
events with low values of T . This low frequency " tail" on the distribution

f

indicates that there are postulated events with estimated frequencies as high
as 10 4 per reactor year for which the final temperature is substantially
below 270 F that must be considered. This is discussed in Section 8.

The discussion above is subject to the same large uncertainties as are described
in Section 4 above. To gain additional insights into the conservatisms in the
deterministic fracture mechanics treatment and to gain some notion of the risk
of vessel failure considering low probability events, the data of Tables 6.2,
6.3, 6.4, and 6.5 are used in combination with a probabilistic treatment of
fracture mechanics described in Section 7. The results are discussed in
Section 8.

.
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Table 6*1 Initiating, Events ~

1. Loss of Main Feedwater (LOFW)

2. Closure of One Main Steam Isolation Valve (MSIV)

3. Loss of Primary Flow (LOPF)

4. Core-Power Increase-(POWIN)

5. Turbine Trip (TT) 2~ ~

6. Spurious Safety Injection Activation (SSI)

,

7. Reactor Trip (RT)

8. Turbine Trip Due to Loss of Offsite Power (TT/ Loop)

9. Steam Generator Tube Rupture (SGTR)

10. Small LOCA, (1.5 inch Diameter (LOCA-1)

11. Small LOCA, 1.5 inch Diameter (LOCA-2)

12. Large LOCA, 6 inch Diameter (LOCA-3)

13. Excessive Main Feedwater (EX FW)

14. Steamline Rupture Inside Containment (STM BRK In)

15. Steam Rupture Outside Containment (STM BRK OUT)

|

|
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Table 6.2 Event parameters for the main steam line break (MSLB)
.

Plant Status Hot Full Power Hot Zero Power

Operator Isolates 0-5 5-10 10-30 30-60 0-5 5-10 10-30 30-60Auxiliary Feed-
water min.

l Event Frequency 8x10 5 6x10 5 1.5x10 5 3.x10 7 8.5x10 8 6.8x10 8 1.6x10 8 3.x10 a
'

per Reactor-Year

Temperature Time
Constant, p min 1 0.4 0.2 0.09 0.09 0.4 0.2 0.2 0.2

Final Reactor Coolant 450 390 300 250 212 212 210 190System Temperature
at Vessel Wall, F

T

't
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Table 6.3 Event parameters for the small steam line break (SSLB)
,

Plant Status Hot Full Power Hot Zero Power
Operator Isolates 0-5 5-10 10-20 20-30 30-60 0-5 5-10 10-20 20-30 30-60Auxiliary Feed-

water | Min.
,

Ev:nt Frequency 4.5x10 3 3.6x10 3 8x10 4 6.3x10 5 1.8x10 5 4.5x10 4 3.6x10 4 8x10 5 6.3x10 8 1.8x10Per Reactor-Year

Temperature Time 0.4 0.2 0.1 0.06 0.06 0.4 0.2 0.1 0.06 0.06Constant, p,
,

ain '
,

Final Reactor Coolant 385 320 250 220 200 375 310 235 200 175System Temperature '

,At Vessel Wall, F

.

.

,

1

.
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Table 6.4 Event Parameters for the Small-Break
j Loss-of-Coolant Accident (58LOCA),
; Break Size 2-6 inches Equivalent

Diameter

i

Event Fiequency Per Reactor-Year 3x10 4

Temperature Time Constant, p, min 1 0.12

Final Reactor Coolant System Temperature 125 -

At Vessel Wall, *F

-

Table 6.5 Event parameters for steam generator tube rupture

Without Steam Line Break or Stuck-Open SRV
1

Event Frequency Per Reactor-Year 5x10 3

Temperature Time Constant, p, min 2 0.04

Final Reactor Coolant System Temperature
At Vessel Wall, "F 125

With Steam Line Break or Stuck-Open SRV

Outside Inside
Containment Containment

Event Frequency Per Reactor-Year 2.5x10 4 1x10 3

Temperature Time Constant, p min. 1 0.04 0.04

. Final Reactor Coolant System 170 170
4

Temperature At Vessel Wall, *F

,

0
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7. PROBABILISTIC TREATMENT OF FRACTURE MECHANICS
*

7.1 Introduction

,

The deterministic fracture mechanics analyses discussed in Section 3 assume
specific values for all the. input parameters.necessary to predict crack
initiation, growth and/or arrest. However, many of these-parameters are not:
known precisely. In order to quantitatively analyze the ef 6sct of a large
number of uncertainties, a probabilistic approach can be taken to estimate the
failure probability of a reactor pressure vessel. A Vessel Integrity Simula-
tion Analysis (VISA) code was developed to gain insight into reactor pressure
vessel failure probability due to pressurized thermal shock. Appendix H dis-
cusses in detail the probabilistic fracture mechanics analysis and the VISA
code. A brief-description of the VISA code is presented in Section 7.2.

7.2 Description of VISA Code
'

The VISA code consists basically of two parts. The first is a deterministic
fracture mechanics analysis for a specified pressure / temperature transient.
This analysis is similar to that discussed in detail in Appendix 0 and includes
heat transfer, thermal and pressure stress, and applied stress intensity value
calculations for a range of crack depths. The second part uses Monte Carlo
techniques to assess failure probability based on a very large number of deter-
ministic calculations in which the input parameters are varied.

Certain parameters are treated as random variables, and their values are sampled
from a statistical distribution defined as an input to the program. In each
calculation, values of the random variables (crack depth, copper content, initial

RTNDT, fluence, critical stress intensity factor, KIc, and stress intensity
factor for crack arrest, K ,) are selected from the specified probability dis-g

tributions, and deterministic calculations are made using these values. Each

calculation results in one of three outcomes: (1) no crack initiation, (2) crack
initiation followed by arrest, or (3) pressure vessel failure.

7-1 DRAFT
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For each iteration of the simulation, values of fluence, flaw size, and copper

} content are selected from their respective distributions. The RT at the
NDT

'

inner wall is calculated as a function of fluence and copper content. With

these values fixed for the iteration, the code steps through the time history
of the transient. For each time step, the stress intensity at the crack depth
is taken from the deterministic portion of the code. A value of K is simulatedIc
to determine fracture initiation. If initiation does not occur, the simulation

,

moves to the next time step. If initiation does occur, the crack is extended

1/4 in., and the crack arrest toughness (K ,) is simulated. If arrest occurs,y

the simulation moves to the next time step; if not, the crack is extended another

1/4 in, and a new value of K , is simulated. This process it continued until
7

either the vessel fails or the duration of the transient is reached. Each pass

through the simulation loop represents a single computer calculation conducted
to determine if RPV failure will occur. Up to a million passes through this
loop can be made. The code keeps track of the number of crack initiations and
RPV failures. The probabilities of crack initiation and RPV failure then are

estimated by dividing these values by the total number of teials. Thus, the
VISA code actually performs millions of deterministic calculations with each
set of calculations based on a different set of values selected from the appro-
priate statistical distributions for the significant variables. This is the
calculational equivalent to subjecting a population of up to a million operat-
ing reactor pressure vessels to the pressurized thermal shock transient of
interest and then inferring the failure probability based on the number of
observed failures.

.

7. 3 Probabilistic Fracture Mechanics Sensitivity Studies

Section 3 and Appendix D of this report discuss the sensitivity of crack initiation
and vessel failure to the various PTS parameters. This section discusses the
same sensitivities based on probabilistic fracture mechanics. Results are por-
trayed in Figures 7-1, 7-2, 7-3 and 7-4 for the stylized thermal transient dis-
cussed in Section 2 above:

-stT,.= Tf + (To - T )ef
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Figure 7-1 illustrates the sensitivity of'the conditional vessel failure prob c
,

ability to T -RTNOT, f r an assumed p of 0.15 reciprocal minutes and a pressuref

; of 1000 psig. It is seen that the relative risk is low for RT less than T ,
NOT f

but if cooldown drops temperature below the vessel RTNOT, then the risk rises
quite rapidly.

Figure 7-2' illustrates the sensitivity of conditional failure. probability.to
pressure.- The case shown is for a T -RT f 50*F and a p of 0.15 reciprocal

f NDT
minutes:

Figure 7-3 illustrates the sensitivity to the decay parameteY, S, with the other
parameters held constant.

Figure 7-4 illustrates the sensitivity of two postulated transients to the heat
transfer coefficient used. For the relatively low heat transfer coefficients
at low-flow conditions, the risk is quite sensitive to the<value (or correlation)
. sed.

Appendix H includes more information regarding the sensitivity of relative
failure probability to parametric assumptions. Although these studies assumed
somewhat different input assumptions regarding the relation of RT to fluenceNDT
and fluence attenuation through the wall than were used for the deterministic
fracture mechanics studies (Section 3 and Appendix D), the same trends are
found.

These probabilistic sensitivity studies do not include the effect of cladding
stresses. Based on the-conclusions stated in Section 3, it is estimated that
inclusion of the cladding stresses would shift the curve of Figure 7-1 approxi--
mately 10* to the right, thus increasing the risk about a factor of 2 or 3 for
that assumed transient.

Because the probabilistic fracture mechanics studies were conducted for only a
limited range of parameters, the results should not be extended beyond these
ranges. For instance, if T was only a few tens of degrees below 550*F, the

f

thermal shock to the vessel is significantly less severe than say for a cooldown

7-3 ORAFT
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to 200*F or lower. Thus, in terms of probability versus T -RTNOT, the resultsf

are expected to be considerably different.

The technology regarding probabilistic fracture mechanics as related to PTS
scenarios have evolved only during the past few years and perhaps is still some
way from reaching maturity. It is, however, believed to be a useful tool. The

NRC plans to develop the technology further, and the industry is encouraged to
de the same. Future work is expected to include consideration of warm prestressing
effects for a variety of postulated transients, the effect of cladding and per-
haps other crack shapes.

::

!

.

.
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8. PROBABILITY OF VESSEL FAILURE

8.1 Introduction

This'Section summarizes a'probabilistic-study of" reactor pressure vessel (RPV)
failure as a result.of pressurized thermal shock (PTS). The calculational method
combines the frequencies-of overccoling,-transient. sequences (Sections 2 and 6)'
with the probabilistic treatment of RPV failure (Section 7) :The results are
expressed in terms of the probability, per reactor year, of RPV failure due to
PTS. Some risk considerations are also considered, and also the relationship
of PTS to the current regulations.

8.2 Methodolo2Z_
i

The basic approach is essentially a-combination of-(l) a probabilistic analysis-
of overcooling transients, plus (2) a probabilistic analysis of the conse-
quences of such transients to the RPV, and the probability of RPV failure,
given the transients.

In order for this procedure to be valid, the transient sequences must be
separated, and analyzed in groups with similar properties. The course and
severity of each transient group can then be used as the input t'ransient for
analysis of RPV behavior. In the work reported here, the transient sequences
were obtained from calculations furnished by the Westinghouse Owners Group
(Ref. 8.1), and also from transient analyses based on the WOG analysis but
revised by the NRC staff as described in Section 6 and Appendix G.

The transient groups were derived from consideration of the various possible
sequences following each of the initiating events--excess feedwater, small-
break LOCA-etc.- given in Appendix G. The analyses of the frequencies and
courses of the different sequences are also reviewed in Appendix G.

8-1 DRAFT
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The VISA code, in its present state of development, can accept only stylized
input transients characterized by T , p, and P. Therefore, each transient

f

group was so stylized. Cumulative frequency distributions of the T values
f

used in this study are given in Fig. 8-1. The number of groups used was

86 for the WOG distribution and 23 for the staff-modified distribution.
,

For each transient group, the values of T , p, and P were used, with the VISA
f

code, to establish a probability of RPV failure, given the occurrence of a
transient with the specified characteristics. Multiplication of this condi-
tional RPV failure probability by the frequency of occurrence of the transients
comprising the group then gives the frequency of RPV failurG7 aused by this;

group of transients.

The sum of these failure frequencies gives the RPV failure frequency (per
reactor year) as caused by the ensemble of transients of all the groups considered.

8.3 Accuracy and Completeness
i

!

t In order for the RPV failure frequency so calculated to be correct, the ensemble
of transients must be complete. That is, all transient sequences capable of
inducing RPV failure due to PTS must be included.,

The WOG analysis included consideration of several hundred candidate sequences,
! not all of which turned out to be PTS precursers. The array of initiating events

and event sequences is given in Ref. 8.1 and summarized in Appendix G. Variations
in reactor power level, leak size (for LOCA and steamline break sequences), and

'

operator actions were included. The staff review concentrated on the transient
groups shown in the WOG analysis to be dominant, but also considered other

,

candidates not significant in the WOG analysis; see again Appendix G. In all,

some hundreds of possible sequences were reviewed by WOG, staff, or both.

Like all probabilistic analyses based on event sequences, the probabilistic PTS
analysis presented here cannot be proved complete. The differences between the

'

!
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WOG and~ staff ~anlayses shew that more work can and should be done to investi- I
t

gate additional candidate sequences and to validate some of the approximate
sequence analyses. However, the work done to date suggests that the principal
contributors have probably been identifed as well as can be done in approxi-
mate, generic analyses. Improved approaches to completeness should be sought
in connection with the plant-specific analyses we recommend for plants soon to
exceed the screening criterion (Sections 4 and-9).

Completeness aside, the. accuracy from both the transient sequences and the
vessel calculations, are subject-to substantial uncertainties. In particular,

the probabilistic treatment of fracture mechanics (Section [,# Appendix H) is
~

still under development. Both the methodology and the probability distribution
. functions used as input information are sources of variation in the results.
Detailed study of these variations has not yet been accomplished. Moreover,
much more extensive sensitivity studies are planned. Ther6 fore, the numerical
results given-in this Section must be taken for what.they are worth. Rather
than close estimates of absolute RPV failure probability, the calculated values
should be used for insight into trends and sensitivities. The values of the
calculated probabilities of failure for a given set of nominal conditions.is
believed by the researchers (Appendix H) to.be uncertain by plus.or minus at
least two orders of magnitude, a broad band of uncertainty, indeed. Also, the

steepness of the curves (Appendix H) shows a high sensitivity of the result
(calculated RPV failure probability) to variations in the values of T , s and P

7
assigned to the transient group. The calculation of these quantities is approx-
Mate, even for a well defined event sequence. The' lesson from transients
actually experienced (Section 2, Appendix G) is that real transients don't look
like exponentially decaying temperatures with constant pressures.- Thus another
source of uncertainty is introduced by the stylized transients necessarily used
in this calculation, at the present state of the art.

8.4 Results

With due consideration of the uncertainties discused just above, we present the
results of the probabilistic PTS calculations in Figs. 8-2 and 8-3. The details
are given in Appendices G and H.

8-3 ORAFT
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Figures 8-2 and 8-3 show, as a function of RPV embrittlement, the expected
frequency of RPV failure due to PTS. The abcissas are the reference temperatures,
RTNDT, at the inner surface of a RPV having the mean values of RT (0), neutron

~

fluence, and copper content of the probability distribution functions used for
these parameters. The ordinate is the failure frequency of the RPV so charac-
terized, per reactor year, owing to the PTS transient subclasses (LOCA, SLB,
etc.) as labelled, and the total RPV failure frequency due to PTS. New vessels
start at the left side of these diagrams, with very low RT and negligibly

NDT
small PTS probability. As the vessels are irradiated, their characteristics
move to the right, and an increasing number of increasingly probable overcool-
ing transients have increasingly high probability of inducinty RPV failure.

Figure 8-2 gives the results for the WOG distribution of transients; Figure
8-3, the NRC staff distribution.

The steepness of the curves in Figures 8-2 and 8-3 shows a high sensitivity of

RPV failure probability to the value of RTNDT (as defined for these curves). A

change in RT as small as 20-30*F changes the calculated probability by aNDT
factor of 10, on some of these curves. Yet we know neither the actual value of
RT f r a given RPV, nor the severity of a given transient, to within thisNDT

order of accuracy. This is another way of restating the substantial uncertain-
ties in the present state-of-the-art of making analyses of this kind. For this
reason, the NRC staff recommends that the PTS criteria- screening or otherwise--
should not be determined by where these curves cross some acceptable value of
ri s k. Rather, the probabilistic curves mean to us that a substantial margin to
failure exists for vessels approaching the screening criterion.

8.5 Relationship to Safety Goal

| In February 1982, the Commission published for comment a " Proposed Policy State-
ment on Safety Goals for Nuclear Power Plants" (Ref. 8.2). Although the Safety
Goal guidelines have not been adopted (at least not yet), it is instructive to
compare the proposed PTS requirements to the guidelines.

8-4 DRAFT
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Core Melt. - The. core melt Safety Goal guideline states, "The likelihood of a.
nuclear reactor accident that results in a large-scale core melt should
normally be less than one in 10,000 per year of reactor operation." This

~

suggests that the core melt frequency ascribable to one sequence, for example
PTS, should not exceed approximately 10 s per reactor year.

Because of the unusually large-uncertainty.in the. risk estimation for PTS,
compared to other sequences, a value of less than 10 5 might wel'1 be assigned
for a safety goal ' for- PTS. We have not'done this in the discussion in this
section, but have used 10 5 The-reader should keep in mind that the. risk-
numbers for PTS given in the following discussion are high173 ncertain.

We have no technical analysis of the course and consequences of a PTS sequence
that involves RPV failure. Determination of the RPV failure mode (better,
estimation of the probabilities of the various failure modes) has not been done
and is-dependent on the details of-the-scenario. Moreover, the outcome would
likely be dependent also on the plant design details. In particular, ice

condenser containments would be expected to have different failure modes, with
different probabilitics, than large dry containments.

The breach in the RPV would be a LOCA, which might or might not prevent ECCS
effectiveness. A large through-wall crack would probably lead to core melt.
Axial cracks and most circumferential cracks would not likely lead to early
containment failure; the massive concrete shielding would intercept mirrsiles
and the containment could stand the temperature and pressure. (Again, ice
condensers have not been evaluated.) Whether a complete circumferential failure
(which seems low in probability) would lead to large RPV (and core) motions is
not well known.

The result of such approximate and intuitive analysis is that not all PTS
failure events lead to core melt, but the fraction that do has not been
analyzed quantitatively.

!

|

Public Risk. - The Draft Policy Statement includes quantitative guidelines for !
risk to individual members of the public, and for society at large, from

8-5 DRAFT
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reactor accidents. For analyzing how PTS events contribute significantly to
the risk to the public, the following logic applies:

1. PTS event sequences leading to RPV failure have overall frequency F per
reactor year. Figures 8-2 and 8-3 provide a very approximate estimate of
F. A plant evaluated (as described in Sectian 5 or 9 and Appendix E) to be
at the 270*F screening criterion is likely to have a true RT f 150-270 F

NDT
(two sigma = 60*F). For the mean of 210 F, F s 10 8 per reactor year on
the NRC curve (Figure 8-3), and much smaller on the WOG curve (Figure 8-2).

2. A fraction X(1 of RPV failure sequences leads to core mFit, giving an
expected value of XF core melts per reactor year.

3. A fraction Y of failure leading to core melt leads to significant radio-
active release, so the expected value of the frequency of significant
releases due to PTS is XYF.

4. To show PTS risk to be lower than 10% of the safety goal guidelines would
involve showing

X F I 10 5 per reactor year

and

XYFI108 per reactor year

We have only approximate values for F, and no quantitative values for X or Y.
If XF is about equal to 10 5, then Y would have to be no greater than 5 x 10 3;
that is, only one core melt in 200 should lead to lethal releases. Thus, for Y

{ 5 x 10 3, the core melt guideline will dominate.

The results of the probabilistic analysis given ir. item 1 just above, show F {
5 x 10 8 per reactor year, so that (even for X = 1, which is unrealistically
high) Y { 5 x 10 2 is sufficient to show the risk to be within the guideline.

8-6 ORAFT
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ALARA. - The Draft. Policy Statement gives a cost-benefit guideline for
decisionmaking of $1000 per man-rem averted.

For scenarios involving core melt without significant releases, the core melt
guideline will govern and ALARA is not a consideration.

For early containment failure. scenarios, as:much as 50.x 108 man-rem.might be
involved, at a frequency of'XYF. The expected value of the exposure would,
therefore; be-50 x-108'XYF. For XYF I 5'x 10 s, the expected value would be
less than 2.5 man-rem, and the ALARA guideline-would not be.a consideration
for these sequences, either. #~

In summary, comparison of the approximate probabilistic PTS analysis reported
here with the Draft Policy Statement on Safety Goals shows satisfactory con-
formance with the proposed screening criterion.

8.6 Relationship to Licensing Criteria

The regulation most directly applicable to. PTS is 10 CFR 50, Appendix G.
Paragraph IV.A.2.c states:

Whenever the core is critical, the metal temperature of the
! reactor vessel shall be high enough to provide an adequate

margin of protection against fracture, taking into account such
factors as the potential for overstress and thermal shock during
anticipated operational occurrences in the control of reactiv-
ity. In no case when the core is critical (other than for the
purpose of low-level physics tests) shall the temperature of the
reactor vessel be less than the minimum permissible temperature
for the inservice system hydrostatic pressure test nor less than
40*F above that temperature required by section IV.A.2.a.

|

The Appendix G procedure used for determining "an adequate margin of
protection" includes the postulation of a reference semi-elliptical surface
flaw having a depth of 1/4 of the section thickness with a length six time its
depth. In addition, the stress intensity factor due to pressure is increased
by a factor of two. Because pressure stresses dominate for hydro testing and

|

|
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normal startup and shutdown situations, the reactor vessel integrity is not
jeopardized if Appendix G requirements are met.

4

For severe cooldown transients, however, thermal stresses near the inner vessel
surface are relatively high and dominate. The material toughness is also lower
near the surface than deeper into the wall because of the lower temperatures
near the surface. Hence consideration must be given to relatively shallow
flaws. Thus procedures different from but equivalent to those of Appendix G
are necessary to provide an adequate margin of protection.

The staff's present view is that the proposed PTS requirements may well require
that Appendix G to 10 CFR 50 be amended, or supplemented.

.

Another potential regulation interface is 10 CFR 50.46 and 10 CFR 50, Appendix
K. While the thrust of these regulations is to cooling effectiveness, para-
graph (b)(5) of 10 CFR 50.46 requires,

After any calculated successful initial operation of the ECCS,
the calculated core temperature shall be maintained at an
acceptably low value and decay heat shall be removed for the
extended period of time required by the long-lived radioactivity
remaining in the core.

If " successful initial operation" involves a PTS scenario, as can happen for 2
to 6 inch breaks (Sections 2 and 6, Appendix G), then "long-term cooling" can
be jeopardized.

This scenario is discussed in Section 6. Since this sequence is calculated to
dominate the risk, it was the subject of detailed examination, as discussed in
Section 6.2.2. For this sequence, detailed calculations of system response
were used, rather than the stylized T , p, and P. The WOG calculations, which

f

we accept, include fluid mixing in the cold leg as predicted from experimental
results, heat input from hot piping walls, and an assumed temperature of 60 F
for the injected coolant. These calculations used the NRC assumptions for
crack arrest, but should be corrected by -10*F to allow for cladding effect
(see Section 3). The result is a predicted critical RT f approximately

NDT
270*F, consistent with the proposed screening criterion.

8-8 DRAFT
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We conclude that a sma11' break ~ LOCA. in a vesse1~ within' the proposed screening-
criterion has an acceptably low probability of vessel failure, so 10 CFR 50.46
is not infringed by the proposed requirements.

8.7 Conservatisms and Non-Conservatisms

The calculations summarized in-Sections 3, 5; 7 and 8-and described,in detail
in the appendices and references, contain uncertainties of various sorts. The.

following paragraphs'briefly summarize the most significant sources of
uncertainty.

.: V

Operating Experience - The three most severe events took place in B&W plants. i

We have neglected, for lack of sufficient data to do otherwise, plant design
differences in evaluating the experience. We have also neglected all the
actions taken since TMI, Rancho Seco, and Crystal River to improve design and
operations and.thereby make-these transient' sequences:less likely in the-

I future. These are substantiated conservatisms in the inference from operating
experience.

The temperatures used to characterize operating experience were measured in
cold legs. The fluid in the downcomer could have been warmer (from mixing) or
colder (from stratification) than the measurements.

;

Operatton Actions - The analyses include the probability of the operating
staff failing or delaying performing a needed operation, but do not include
either successful mitigating actions or wrong actions that could make the

j events more severe.
|

|

| Flaws and Cracks - The tieterministic calculations assume the presence of a long
through-clad flaw of critical depth--a substantial conservatism. The proba-
bilisite calculations use a through-clad crack probability many people believe
is conservative. No account is taken of actual in-service inspection results

|
in these generic calculations.

|

|
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The crack growth / arrest model used by the staff assumes long initial flaws that
grow uniformly over their length. This initial flaw shape is conservative.
The growth / arrest shape is discussed in Section 3; we believe that, once a
crack initiates, the long crack is a more realistic description than less
conservative shapes used in other models.

Stresses - The models include no residual stresses, which is non-conservative.
The NRC model includes cladding effect, which is realistic for through-clad
cracks.

None of the models currently includes a warm prestress (WPS W which is a
conservatism for transients satisfying the WPS conditions.

Material Properties - The estimation of RT at the 2 sigma condifence level
NDT

is a substantial conservatism; see Sections 5.4 and 8.5.

Fracture Mechanics - The use of linear elastic fracture mechanics in the
temperature region around RT is believed by many people to be conservative,

NOT
since considerable ductility exists. Until we have validated applicable,

elastic plastic models, however, the degree of conservatism cannot be,

I determined.

| Uncertainties in Probabilistic Calculations - Substantial uncertainties exist
in probabilistic calculations as discussed in Section 8.3. The characterization
of event sequences by T , p, and P is an oversimplification that is usually on;

7

the conservative side.
i

, The net result of the above considerations is that the PTS analyses have
substantial uncertainty, and are on balance substantially conservative.
Neither the uncertainty nor the conservatism has been quantified.

|

A plant with a value of RT conservatively established in accordance with the
NDT

NRC staff prescription of Section 5, equal'to the screening criterion of 270*F,
will have a risk from PTS consistent with, or below, the Safety Goal Guidelines.

i

i
t

!

|
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Plants with higher RT would be. predicted to have higher PTS risk, so the-NDT ;

additional evaluations and requirements of Sections 9 and 10 are proposed.
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9. PLANT-SPECIFIC ANALYSES AND EVALUATIONS TO BE PROVIDED BEFORE THE

SCREENING CRITERION IS EXCEEDED

9.1 Introduction

The study of pressurized. thermal shock.to. determine if there exists a need for
interim improvements >while the long-term program continues has-led the+ staff to-
recommend a two-step process. The first step is to establiML-a sc'reening
criterion based on RT to identify reactor vessels where radiation embrittle-NDT
ment has progressed to the point of potential concern. This criterion was i

selected using simplifications and generic treatment of certain design
features, transients, fracture mechanics analysis and plant operating charac-
teristics as described in Sections 2, 3, and 4. The second step, to be taken
for plants with vessels with values of RT that exceed or are approaching theNDT

screening criterion, involves more- detailed plant-specific analyses to deter-
mine what, if any, modifications are necessary to the plant design and/or
operations to resolve the concern.

The purpose of this section is to outline the analyses and actions to be
required of those licensees whose reactor vessels have exceeded the RT

NOT
screening criterion or will exceed the screening criterion within three

,

calendar years. More detailed requirements must be formulated by the staff in
the near future so that it will be clearly understood what methods of analysis
are acceptable to the staff and what level of detail is required. Further, and
most important, acceptance criteria will be developed and promulgated regarding
the required analyses and actions.

9.2 Evaluation of Overcooling Event Sequences

Assessment of pressurized thermal shock concerns on a plant specific level
requires a study of the unique potential for and consequences of severe over-
cooling transients at the specific plant. The overcooling transients must be
chosen for analysis based on a detailed plant-specific control and safety

|

|
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system design, procedural, and human factor study. The study must include a
systematic search for, and identification of, potential overcooling event
sequences to identify those sequences which are the dominant contributors to
the risk of pressure vessel failure. The generic studies of potential event
sequences done thus far by the staff and by the Westinghouse Owners Group,
described in Section 6 of this report, have shown that consideration of only
the design basis accident sequences conventionally presented in Safety Analysis
Reports does not identify adequately these dominan . sequences. The design

study must include systems functions pertinent to cooldown transient sequences
and must include such systems as the feedwater system, steam generator level
controlsystem,steamdumpsystem,steamgeneratorpoweropdS$tedrelief
valves, charging and letdown system, emergency core cooling system, monitoring
instrumentation, and control and safety systems actuation instrumentation. The

procedural and human factors study must include operating and emergency pro-
cedures, instrumentation available to the operators, operator training, and the
ability of the operators to diagnose transients and accidents that could or do
result in a rapid couldown of the primary system.

.

The purpose of this study is twofold. First, the results of this study will be
used in event-tree analyses which would identify failures that could initiate
cooldown transients and quantify the frequency of these events and end states.

This information will then be used to select those events that should be sub-
jected to detailed thermal-hydraulic analyses to determine the cooldown rates
and end states in characteristic pressures and temperatures, which will be used '

in fracture mechanics analyses whose results will help determine risk.

Second, the results of this study should identify systems, instrumentation,
material, and procedural and training program improvements necessary to reduce

,

the probability and consequences of pressurized thermal shock events.

9.3 Vessel Materials Properties (Refer to Appendix E for background and detail)

Available information on the vessel properties should be re-examined in detail
to fill any gaps in the supporting data for making an estimate of RT and to

NDT
support resolution of any disagreements about the validity of values used.

9-2 DRAFT
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9.3.1 Improve Basis For< Initial RT
NDT

As noted in Section 5.2, and discussed in more detail in Appendix E, for many
older reactor vessels, few data are currently readily available and validated
to support the selection of a value for the initial RT The confidenca thatNDT.
can be placed in estimates of the initial RT depends not only on metallurg-NDT

ical tests, but.also on the accurate. documentation of welding technique, weld
wire used, and weld flux used. The credibility of such estimates could be
enhanced by performing.morettests'on archival material, by discovering previ-
ously unreported test results on weld specimens from the particular plant, or
byevaluatingpropertiesofweldsconsideredtypicalofthe91 ant-specificweld.

9.3.2 Refinement of Chemistry Information for Critical Materials

If it was necessary to assume 0.35 percent copper, because there was no other
.information, attempts should-be made to find archival material suitable for

chemical analysis, or data on the weld material from other vessels where it may
have been used. If the surveillance material matches one of the critical we' ids,
some check analyses for copper and nickel contents of broken Charpy bars
should be considered.

9.3.3 Vessel Fluence (See Appendix F)

Fluence calculations for the critical welds should be rechecked, using modern
codes and information from surveillance dosimetry. Location of critical welds
relative to the axial and azimuthal flux map should be taken into account, as
well as changes in fuel loading during periods when dosimeters were exposed.

9.4 Deterministic Fracture Mechanics Evaluations (See Appendix D)

For the limiting transients as determined in 9.2 and materials properties as
determined in 9.3, licensees should provide sufficiently detailed fracture
mechanics analyses to permit the NRC staff to interpret the results without
its having to redo the calculations. The details should include a listing of

9-3 DRAFT
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the assumptions used, the bases for them and a discussion of the sensitivity
of the results to variations in the assumptions. Items to be discussed are:

Vessel wall thickness and clad thickness; vessel inner radius-

Location and orientation of the assumed initial crack-

Heattransfercoefficientusedandmaterialproperties,k,(f_)vs.-

temperature

Assumed crack shape at initiation and time (s) of initiation-

Crack shape at arrest-

Treatment of cladding-induced stresses-

Upper shelf toughness- "

Bases for the aetermination of limiting RTNOT (at the inner vessel radius)
-

The results of each transient analyzed should be portrayed as a plot of critical
and arrest relative crack depths versus time into the transient. Superpose a
line indicating when warm prestressing is deemed to be effective and a curve
indicating the depth at which the upper shell toughness is reached. If crack

arrest is predicted and accepted at or above the upper shelf, it must be
justified.

9. 5 Flux Reduction Programs (See Appendix I)

A technique involving core fuel loading patterns should be investigated as a
method for reducing neutron flux at the reactor vessel wall and at critical
weld locations. This would reduce the rate at which the reactor vessel experi-
ences a decrease in ductility and fracture toughness properties. Particular
areas of concern in the reactor vessel should be located from an analysis of
the material properties of the reactor vessel plate and weld metals. Consid-

eration should be given to replacing fuel assemblies in close proximity to
these critical areas. To reduce flux levels these fuel assemblies could be
replaced by spent fuel, zircaloy or stainless steel spacers, or water. Another
scheme to be investigated would be an in-out loading pattern where fresh fuel
is loaded into the center of the core and moved outward in later cycles.
Implementation of revised fuel management techniques have demonstrated a

9-4 DRAFT
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reduction in the neutron flux at the, positions of" previous maxima by factors
of. approximately two without derating the reactor power level.

'

9.6 Inservice Inspectian and Nondestructive Evaluation Program (See Appendix L)

Current requirements specified in 10 CFR 50.55a endorse ASME Section XI as
defining the examination requirements for reactor vessel welds. The volume of
weld to be examined includes the<near-surface' area; however, the inspection
equipment calibration requirements are not providing sensitivity sufficient'to
detect near-surface cracks. As a result, currently employed techniques do not'
provide sufficient basis for assuming that all near-surface-bkackt can be
detected.

s

The utilization of state of-the-art nondestructive evaluation techniques
,

provides an opportunity to decrease or eliminate a conservatism used in the
generic assessment of pressurized thermal shock; that is, small cracks exist
at or near the surface of the reactor vessel. A feasibility study should be
performed for using state-of-the-art examination techniques for inspecting the
clad-base metal interface and the near-surface area. This would include
plant-unique consideration of the clad surface conditions and may require
grinding the clad metal smooth enough to utilize these techniques.

9.7 Plant Modifications

To adequately protect reactor vessels from the effects of pressurized thermal
shock, the protection needs to be compatible with the plant design and commen-
surate with the vessel's fracture toughness properties and/or susceptibility
to cooldown transients. Modifications to be considered should include the'

following:

(1) Instrumentation and Controls (See Appendix J)

(a) reactor vessel downcomer water temperature monitor

9-5 DRAFT
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(b) instantaneous and integrated reactor coolant system cooldown rate
monitors

(c) steam dump interlock
,

(d) feedwater isolation / flow control logic
(e) reactor coolant system pressure and temperature monitors
(f) NOT margin monitor

'

(2) Automatic Depressurization Logic

(3) Increased Emergency Core Cooling Water and Emergency Feedwater Temperatures.
(See Appendix K) "*~

4

Because of design differences and transient response characteristics, plant-
specific consideration should be given to any system modifications. Further,
for active system modifications such as an automatic depressurization system,
a failure mode and effects analysis should be performed to verify that inad-
vertent operation of the system would not induce transients more severe than
the mitigative capabilities of the plant's safety systems or that otherwise
create an unacceptable risk.

9.8 Operating Procedures and Training Program Improvements (See Appendix C)
.

As a result'of generic pressurized thermal shock event tree analysis and
actual reactor operating evperience it has been shown that operator actions

' '

and associated plant response play a key role in the initiation and mitigation
of pressurized thermal shock events. The seven plants currently being evaluated
by the NRC for susceptibility to pressurized thermal shock have reviewed these

| current operating procedures for information relevant to the pressurized
thermal shock issue. Based on the NRC's and the licensee's review of their
own procedures, a number of revisions have been incorporated.

The following list includes those types of procedural modifications that
should be considered.

|

t

9-6 DRAFT !
;

- ~ ~ ~ ' '' ^ _~ _ _ . _ . . _ .__ . . - , ._



~ >
.

DRAFT

(1) Procedures should not instruct-operators to take actions that would
violate NOT limits.

(2) Procedures should provide guidance on recovering transient or accident
conditions without violating NDT or saturation limits.

(3). Procedures should provide guidance for recovering.from PTS conditions.

(4) Pressurized thermal shock procedural guidance Should have supporting
technical bases.

:-

(5) High pressure injection and charging system operating instructions should
reflect consideration of pressurized thermal shock.

(6) Feedwater and/or auxiliary feedwater operating instructions should reflect
pressurized thermal shock concerns.-

(7) Training shoul.d include specific instruction on NDT vessel limits for
normal modes of operation, transients and accident conditions.

(8) Training should particularly emphasize transients and accidents known to
require operator actions to mitigate pressurized thermal shock.

(9) Training should include simulator operation responding to potential
pressurized thermal shock transients and accidents.

9. 9 In-Situ Annealing (See Appendix M)

Annealing of the reactor vessel is a possible, although difficult and expensive,
remedial measure for the radiation embrittlement problem. Research sponsored

by both the regulated industry and the NRC has provided a basis for selecting
the temperatures and duration of the annealing process with some data on
reirradiation damage. Research is being funded by the Electric Power Research
Institute on the feasibility of annealing. A draft report on annealing proposes
the use of electric resistance heating elements supported by a frame that can
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be lowered into the reactor vessel. The draft report on this study finds no
insurmountable difficulties; however, many engineering details remain to be
resolved. These include the potential for vessel damage, and protecting the
concrete and vessel support structures from the effects of high temperatures.
For those plants where proposed remedial actions of the types described in
Sections 9.2 through 9.8 above do not result in acceptable risks of vessel
failure for the whole design lifetime, a plant-specific engineering evaluation
of in-situ annealing should be performed.

9.10 Basis for Continued Operation
.~.

Finally, as part of the plant-specific analysis package, the licensee will pro-
vide a basis for concluding wh?ther or not continued plant operation is justi-
fled while any corrective actions needed to meet the acceptance criteria are
planned and implemented.

This basis should include details regarding frequency of PTS events, descrip-
tion of the dominant risk contributors, and assessment of the total risk from
all such events. Vessel and containment failure modes should be discussed, and
it should be shown quantitatively how such considerations are factored into the
overall risk assessment. The total projected PTS risk for the interim period
until, acceptance criteria can be met by corrective action should then be com-
pared to the NRC safety goal.

9-8 DRAFT
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10.0 CONC,LUSIONS AND RECOMMENDATIONS

10.1 Conclusions

As a result of evaluations performed thus far of the issue of pressurized
thermal shock, the NRC staff has reached the following conclusions:

(1) There is no need for immediate modification of any operating pressurized
water reactor.

(2) Further, more detailed, plant-specific evaluations wil N e needed in the
near future for selected plan'ts to determine what, if any, modifications
to equipment, systems and' procedures should be required, and on what

schedule, to provide sufficient protection against vessel failure from PTS
events for the remainder of the plant design life.

(3) A screening criterion is needed to select the plants for which plant-specific
evaluations should be required, and to establish the schedule for submittal-
of the evaluations. Based on the technical evaluations presented in this
report, the staff recommends screening criteria values of RT f 270 F

NDT
for axial welds and 300*F for circumferential welds. The present and projected
values of RT to be used for a given vessel should be determined by theNDT

method described in Section 5 and Appendix E of this report.

(4) Whenever the value of RT f r a given vessel is projected to exceed theNDT

screening criteria within the next three calendar years, the licensee of
that plant should be required to submit plant-specific evaluations of the
type described in Section 9 of this report. In the near future, the staff

should develop more detailed guidance for these evaluations and acceptance
criteria for determining whether plant modifications are needed based on
the evaluations.
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(5) Some of the Commission's regulations (Appendix G to 10 CFR Part 50, 10 CFR
50.46, and possibly others) may not appropriately reflect current under-
standing of the state of reactor vessel embrittlement and the potential
for vessel failure as a result of PTS (see discussion in Section 8).
Timely consideration should be given to the possible need for amendments
to the regulations.

4

10.2 Recommended Near-Term Actions

The NRC staff recommends that the Commission approve the following near-term
.

~~

actions:

(1) An RT Screening Criterion should be promulgated by generic letters to
NDT

all PWR licensees, or by a Commission Policy Statement.

(2) Licensees of all operating PWRs should be requirad to submit a determination
of the present RT values for their reactor vessels and the estimated

NDT

date at which the RT value will exceed the screening criterion. This
NDT

requirement could be issued by gei 2ric letters, orders, or by regulation.

(3) Licensees of operating PWRs for which the RT value is projected to
NDT

exceed the screening criterion within three calendar years of the date of
promulgation of the criterion or regulation should be required to submit
plant-specific evaluations within a specified time.

,

This rearirement could be issued as a request for information pursuant to

10 CFR 20.54(f) to enable the Commission to determine whether the license
should be modified, suspended or revoked; or as part of an order or regulation
if that option is taken under (2) above.

(4) Within the next several months the staff should develop and issue more
. detailed guidance to licensees on the information to be provided in the

submittals required by (3) above.
<
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(5) The staff and the Commission should give timely consideration to the i

possible need to amend certain of the regulations to better reflect the
potential for PT'S.

.

10.3 Recommended Longer-Term Actions

(1) The ongoing program to improve procedures and operator training regarding
prevention and mitigation of PTS events should continue, as described in
Appendix C of this report.

(2) Industry and NRC programs are needed to provide additiciTal confirmatory
PTS information, to decrease the large uncertainty of current PTS analyses,
to extend the analysis to B&W and CE plants, and to investigate more
thoroughly the alternatives to delay and mitigate PTS risks. 2n part-
icular, the analytical and experimental studies underway as rsart of the
NRC research program, as described in Appendix N of this report, should
continue on a high priority basis. These programs should improve the
staff's capability for independent audits and assessments of licensee
e iluations, confirm or improve calculational methods and assumptions, and
aid in further assessments of safety margins.

(3) The best available methods should be used for periodic in service inspection
of high-RT vessels, to maximize the likelihood of detecting any flawsNOT

that may be present relevant to PTS.

(4) A more vigorous industry effort is needed to minimize neutron leakage flux
and thus to minimize the increase in RT f r all vessels with high copperNDT
content. Risk-cost-effective changes should be sought with greater flux
reduction than those from the " low-leakage cores" now being used primarily
to minimize overall operating costs.
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APPENDIX A

OVERVIEW OF ACTIVITIES CONCERNING THE PRESSURIZED THERMAL SHOCK ISSUE !
1

A.1 INTRODUCTION j

The subject of thermal shock to reactor pressure vessels from overcooling
transients is not a new concern; both industry and the NRC have held meetings
and issued written reports on the subject for several years. The thermal

shock concern after a Loss of Coolant Accident (LOCA) has been subject to
considerable review in the past. Analyses and experiments indicate that the
vessel will still hold water after a large LOCA. Therefore, for large LOCA,
thermal shock to the reactor pressure vessel is not a new concern.

The TMI Action Plan (NUREG-0737, Item II.K.2.13 " Thermal Mechanical Report
Effect of High-Pressure Injection on Vessel Integrity for Small-Break Loss of
Coolant Accident with No Auxiliary Feedwater") identified one transient of
concern which is characterized by severe overcooling causing thermal shock to
the vessel, concurrent with or followed by repressurization (that is, Pres-
surized Thermal Shock, PTS). The staff has recognized that there are many
other scenarios which could result in PTS. On the basis of events which have
occurred at operating PWRs, the staff recognized early in 1981 that sonie
operating reactor pressure vessels of the older plants were approaching material
property conditions which made the PTS issue a greater concern. Thus the NRC

staff requested a meeting with industry representatives on March 31, 1981, to
discuss the PTS problem. This initiated the current effort concerning the PTS

| issue.

The PTS issue is a concern only for operating PWRs. Boiling water reactors
(BWRs) do not have a significant PTS concern. BWRs operate with a large

portion of water inventory inside the pressure vessel at saturated conditions.
Any sudden cooling will condense steam and result in a pressure decrease, so

#simultaneous creation of high pressure and 10w temperature is improbable.
Also contributing to the lack of PTS concerns for BWRs is the lower fluence at
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the vessel inner wall and the use of thinner vessel wall which results in a
lower stress intensity for a postulated crack.

The attached appendix provides a time table of events concerning the PTS
issue.

A.2 Summary of Industry Meetings with the Staff

On March 31, 1981,1 the NRC staff met with the PWR Owners Groups and

representatives of NSSS vendors to discuss the effects of potential thermal
shock to reactor pressure vessels by overcooling transients and the potential
consequences of subsequent repressurization relatively low temperatures.
The staff requested the industry to inake a ph it-by plant assessment of the
problem and to scope and bound the problem. As a result of this meeting the

industry representatives committed to a report by May 15, 1981, providing an
account of what immediate problems exist. Subsequently, by letter dated
April 20, 1981,2 the NRC requested the Owners of PWR operating plants to
respond by May 22, 1981, identifying the specific action which the plant
Owners propose to take.

Meetings were held with Babcock & Wilcox (B&W), Westinghouse (W) and Combustion

Engineering (CE) Owners Groups (OG) on July 28, 29, and 30, 1981,3 respectively,
at the request of the staff in order to present the staff's analysis of the
problem and the actions the staff intends to take and to hear from the.PWR
Owners the results of their analyses and their proposed actions concerning the
problem. The staff concluded at this meeting that Owners of plants of each
NSSS type which have the highest RT values would be requested to take

NOT
action to resolve the problem for their plants. Subsequently, the NRC requested

under 10 CFR 50.54f, by letters dated August 21, 1981," the licensees of
Oconee 1, THI-1, Robinson 2, Turkey Point 4, San Onofre 1, Calvert Cliffs 1,
Fort Calhoun and Maine Yankee (1) a 60-day response for information related
to RT and perator action to prevent PTS and ensure vessel integrity and

NDT
(2) a 150-day response for information which would define actions and schedules
for resolution of the PTS issue and analyse, to support conwinued operation.
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Follow-up meetings were held with the W, B&W, and CE OGs on September 18 and

22, and October 7, 1981,4'S'8 respectively, to review the progress and to
discuss the technical issues concerning the systems analyses, operator
responses, and the materials and fracture mechanics aspects of the PTS issue.

The WOG indicated their report for the THI Action Plan Item II.K.2.13 due at
the end of the year would address (1) the Smsli Break Loss of Coolant Accident

with Loss of Feedwater (SBLOCA + LOFW) (TMI II.K.2.13) and other scenarios
including steam line breaks, (2) fracture mechanics calculations for each
operating plant, (3) the date and RT f r each plant when acceptable condi-

NDT
tions will not be met, and (4) evaluation of remedial actions. WOG indicated

that the most limiting plant has at least 3 EFPY remaining before there is a
concern.

The B&WOG indicated that their work would be concentrated on the Oconee 1
150-day response to the August 21, 1981 letter and plant-specific analyses
thereafter.

The CE0G indicated that the report due at the end of the year would address
the TMI Action Plan Item II.K.2.13 and other scenarios including the main
steam line break event. The CEOG indicated that the most limiting plant has
at least 5 EFPY remaining before there is a concern assuming the no-crack
initiation criteria.

Meetings were held with the WOG and CE0G including the Owners of the six

selected plants who received the August 21, 1981 letter on February 24 and
March 3, 1982,7 8 at the request of the staff. A meeting was held with Duke

Power Company on March 24, 1982.9 These meetings were to discuss the respec-
tive Owners groups' reports and the "150 day" responses concerning San Onofre 1,
Robinson 2, Turkey Point 4, Fort Calhoun, Calvert Cliffs 1, Maine Yankee, and
Oconee 1. TMI-1 was not included in these discussions since GPU elected to
delay their "150 day" submittal until June 1982. These meetings were designed

to respond to specific staff concerns which were identified with the published
meeting notices and later were, in part, transmitted to the Owners of the

1selectedplants.{441 '--

Pfy)s
t
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Meetings were held with the Omaha Public Power District and the WOG on May 6,
and 10, 1982,10'11 respectively at their request to update the staff on the
progress of the respective programs and the responses to the staff's concerns
identified in the previous meetings.

The WOG provided the results of a study involving a methodology leading to a
probabilistic risk assessment (PRA) related to PTS. The conclusion of this
study was that the likelihood of a cooldown transient can challenge the reactor
vessel is less than 10 4 to 10 3 per reactor year for that lead plant at
5 EFPY from today. WOG maintains that the total risk to public health is in
the area of 10 9

The CE0G provided responses to the staff concerns identified in the meeting of
March 3, 1982. In particular the CEOG provided the results of their review of |

operating experience of CE operating plants and the results of a probability
analysis related to the PTS issue. The review representing 49 reactor years
of operating experience identified 16 events which met a screening criterion.
Of those only two met the selection criteria. These actual overcooling events
were much less severe than the event analyzed in the "150 day" response and

1

there was no uncontrolled repressurization in either event. The probability
study concluded that the main steam line break (MSLB) is the most severe event
and ranges between a probability of 10 8 to 10 4

A meeting was held on June 2, 1982,12 with General Public Utilities (GPU) at
their request to provide the staff a status report on the PTS program for
TMI-1 and to present a summary of the "150 day" response for TMI-1. Signifi-

cant in this study was the use of the COMMIX Code in the mixing analysis. The

COMMIX Code shows warmer temperatures for the SBLOCA events than the BAW 1648

or Oconee 1 mixing models. The SBLOCA and turbine bypass valve failure were
the only events analyzed. GPU determined that based on E0L RT f 335*F for

NDT
the most critical weld, operation would be acceptable for 32 EFPY.

A meeting was held on June 9, 1982,13 with the PWR industry representatives at
the request of the staff for the purpose of discussing the current NRC staff
considerations of possible recommendations for PTS requirements. The staff

was considering a limit of T RT f 230 F for longitudinal welds and 255 F
f NDT
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for circumferential welds based on a transient which resulted in a final
temperature / pressure of 250 F/2500 psi (p = 0.15) which would initiate a
crack. The industry representatives did not agree with the conservatism of
the staff considerations. They objected to the crack initiation criteria.

They believed the final temperature was too low and the pressure was not
possible. They objected to the data base which was used for the probabilistic
determinations. The staff provided the industry two weeks to submit comments
in order for staff to consider the industry news in the determination of the
staff's position.

Meetings were held on June 22 and 23, 1982,14'15 with the WOG and CE0G

respectively at their request to respond to the staff's request for comments
to the staff's proposed recommendations on PTS requirements. WOG proposed a

screening criteria of a RT f 310 F and 335 F at longitudinal and circum-
NDT

ferential welds respectively. This criteria was based on T = 290 at the
f

surface of the reactor vessel weld. The WOG PRA and the NRC probabilistic

fracture mechanics was coupled with the W probabilistic transient evaluation
to yield safety goals somewhat lower than those reported by the staff. The

WOG analysis indicated that the PTS issue would be of no concern to operating
plants for the transient for the next five years of plant operation.

The CE0G recommended the use of CEN-189 best-estimate initial RT values.
NDT

They recommended the current Regulatory Guide 1.99 but used to predict the
upper bound shift for high-copper, high-nickel material at fluence greater
than 1019 nvt and that Guthrie (HEDL) correlation be used to predict the upper
bound shift for medium-low copper, high-low nickel material at fluence less
than 1019 nyt. The CE0G believes arrest will occur. The probabilistic
analysis indicated that the MSLB bounds the PTS events.

A meeting was held with the WOG on July 30, 1982,100 at the request of the
staff to discuss the apparent discrepancies between the WOG and the staff
concerning the limiting transients which produce the greatest overcooling, the
frequencies of such transients, and the fracture mechanics analysis associated
with the transients. In particular, the meeting discussed the smali break
LOCAs (SBLOCAs) which result in stagnation flow and the factors in the fracture
mechanics analysis which account for the differences between the WOG and the

A-5 DRAFT
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staff. WOG indicates that SBLOCAs in the area of 2" to 3" were the sizes of
concern which result in stagnation flow and the frequencies of such events
were conservatively estimated to be 6 x 10 4 Factors which account for the
differences in the fracture mechanics analyses were heat transfer coefficient
used, crack length assumptions, and effects of the clad. WOG assumed the heat
transfer coefficient was not 300* continuous through the weld. It varies as
explained in WCAP 10019. WOG assumed an elliptic crack versus the staff's
assumptions of an infinite long crack. WOG assumed the clad has no effect.

A follow-up meeting 101 was held with the WOG on August 11, 1982. WOG indicated

that a lower limit for the SBLOCA of concern was 5 x 10 5 (a medium value).
More realistic mixing assumptions concerning other factors such as metal heat
resulted in approximately 60 increase to prior results of analysis of the
SBLOCA.

For the longitudinal flaw the calculational differences between the staff and
the WOG amount to 45* RT

NDT*

The staff proposed a screening criteria as follows:

T = 260*F at 10 2 frequency
F

RTNDT = 270* for longitudinal welds

RTNDT = 300*F for circumferential welds.

| The above is based on operating references.

A.3 Summary of Industry Responses to Staff Requests
|
|

At the meeting of March 31, 1981, with the PWR industry representatives, the

| PWR Owners Groups agreed to provide individual owners groups reports by May 15,
' 1981, which would provide an accounting of what immediate problems exist. By

letters dated April 20, 1981,2 the NRC requested the Owners of operating PWR
plants to provide responses by May 22, 1981 relating to their participation in

| the Owners groups programs and specific action which they intend to take. By

I letters dated August 21,1981,17[theNRCrequested30,60-and150-day
responses from each of eight selected utilities owning plants which represented

1

!
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the three different vendnr NSSS and reactor vessels with the highest irradiation
damage of each group.

The NRC responded 18 41 to each of the utilities responses to the August 21,
1981 letter. As a result of the 60- and 150-day responses the staff requested
additional information from each utility which received the August 21, 1981
letter.

Each of the Owners groups provided responses by May 25, 198142 43 with an

accounting of the immediate concern and their plans for resolving the issue.
Owners of all operating PWR plants indicated their participation in the Owners
groups programs by letters in response to the NRC letter dated April 20, 1981.

Tables A-1, A-2 and A-3 provide the summaries of the 30 , 60- and 150-day
45 88responses, respectively of the selected utilities which received the

August 21, 1981 letter. Table A-4 provides a summary of the W and CE generic
87 88reports concerning the PTS issue.

A.3.1 Responses Relating to Westinghouse Plants

The WOG response dated May 14, 1981 from Mr. Robert W. Jurgensen44 indicated
that all Westinghouse operating plants could sustain severe thermal shock
transient, including repressurization to beyond January 1983. The WOG program

would be completed by December, 1981. Each utility of a Westinghouse plant
would provide additional information including a schedule for remedial action
if requested on completion of the WOG program.

.

Tables A-2, A-3 and A-4 provide summaries of the "60 and 150 day" responses
and the generic reports. These responses were supplemented by additional
information received from the WOG and each of the three selected Westinghouse
operating plants in May 1982.89 72

The Westinghouse WOG report concludes that a number of reactor vessels will
require more plant-specific evaluations and may require that remedial actions
be implemented at some point in the vessel life to demonstrate vessel integrity
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to end-of-life. The licensees of the three Westinghouse reactors all concluded
that vessel integrity will be maintained to or beyond end-of-life.

The supplemental information provided by the WOG at the meeting of May 10,
1982,11 concludes that the probability of a transient of PTS concern for the
" lead" plant at 5 EFPY from today is between 10 4 to 10 3

By letter dated May 28, 1982.80 the WOG provided supplemental information on
Reactor Vessel Integrity in the form of a report " Summary of Evaluation Related
to Reactor Vessel Integrity." This report supported the conclusions provided
by the WOG at the meeting of May 10, 1982.

By letter dated June 16 1982,73 the WOG provided a discussion of benefits and
penalties of fuel management schemes to reduce fluence in the form of a report
" Fuel Management To Reduce Neutron Flux." This report provides methods of
reducing the flux to the pressure vessel with no power derating or economic
penalty.

By letter dated June 22, 1982,14 the WOG provided the " Review of the Emergency
Response Guidelines Related to Pressurized Thermal Shock." This report
explicitly identified those steps in the Emergency Response Guidelines (ERG)
that have been written to provide operator direction to prevent a mitigated
PTS event. The report also determined those areas of the ERGS that should be
modified to more clearly identify appropriate operator responses to prevent or
mitigate potential PTS events.

A.3.2 Responses Related to Combustion Engineering Plants

The CEOG response dated May 15, 1982, from Mr. K. P. Baskin43 indicated that
the steam line break transient produces the largest magnitude and rate of heat
removal for the CE-NSSS design. With this transient, approximately 5 EFPY of
operation would have to elapse before vessel integrity would theoretically
become a concern.

A-8 DRAFT
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The CEOG response indicates that a program is planned to address all aspects
of the PTS issue and a generic response to TMI Action Plan Item II.K.2.13
would be provided by January 1, 1982.

The Combustion Engineering CEOG Generic Reportsa concludes that all CE plants
can withstand the postulated small break LOCA (SBLOCA) with extended Loss of
Feedwater (LOFW) scenarios for the assumed life of the plant. The 150-day

eo_s2responses from the three licensees of operating CE plants all indicate
that vessel integrity will be maintained for the lifetime of the plant.

The supplemental information provided by each of the three selected CE
operating plant owners 75 77 indicated that the main steam line break event is
the most limiting event and ranges between a probability of 10 8 to 10 4
They also provided an identification of overcooling events from the operating
history of CE plants. In. addition the responses discussed the sensitivity of
controlling overcooling transients to operator action.

By letter dated June 14, 1982, the CEOG provided a response to the NRC staff
proposed position that was presented at the June 9, 1982 meeting. This letter
reiterated the CE0G conclusion that the MSLB event is the most limiting and
probable concerning the PTS issue. The CE0G concludes that an RT value of

NDT
320*F is more appropriate for crack initiation criteria for the NRC proposed
transient (Tp = 250*, P = 2500 psi, p =0.50m 1).

The NRC staff proposed crack initiation criteria was considered unnecessarily
conservative. The ability of the CE-NSSS to cool down as rapidly as the NRC
proposed temperature transient while maintaining pressure at 2500 psi is
considered physically impossible. The CEOG contends that the NRC calculated
probability of the NRC proposed temperature transient is much too high. The
CEOG disagrees with the approach taken by the NRC to resolve the PTS issue.

Omaha Public' Power District provided comments concerning the staff's proposed
position by letter 78 dated June 26, 1982. OPPD suggested that some type of

screening criteria would be appropriate to focus on plants which might develop
a potential PTS concern. The screening criteria should reflect the assessment

A-9 DRAFT
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of plant operating histories and major design differences. The use of
best-estimate RT value is most appropriate.

NDT

A.3.3 Responses Related to B&W Plants

The B&WOG response dated May 12, 1981 from Mr. John J. Mattimoe42 indicated

that the SBLOCA with no repressurization is the bounding accident. This

assumes operator action would mitigate repressurization (by throttling HPI and
utilizing atmospheric dump or turbine bypass valves). B&W contended that the

analysis is conservative and there is no concern for thermal shock through
1982. The B&W Owners submitted, in December 1980, BAW 1648, which addressed

TMI Action Plan Item II.K.2.13 " Thermal Mechanical Report - Effect of HPI on
Vessel Integrity for SBLOCA with Additional Loss of Feedwater." The B&WOG
plans with respect to PTS to submit plant-specific analyses to address the
conservatisms in the generic analysis. No generic report was planned for B&W

plants.

Ocon9e 1 and THI-1 were the B&W selected plants for the August 21, 1981 letter.

88The 150-day response from Duke Power Company concerning the Oconee 1 vessel

concludes that no changes to the plant or additional fuel management, or
reactor vessel annealing is necessary to assure safe operation of Oconee 1
through the design life of the plant. The Oconee 1 report indicated that
severe PTS events were in the probability range of 10 8 to 10 4 The Duke

Power Company letter dated April 30, 198280 provided additional information
concerning operator responses and sensitivity of transient analysis to operator
action times.

I

'

By letter dated March 17, 1982,81 GPU Nuclear informed the staff that the
"150 day" response concerning TMI-1 would be submitted as soon as the revised
mixing analysis could be inputted into the B&WOG plant-specific analyses
(estimated completion June 1982).

By letter dated June 1, 1982,82 GPU provided a response to the NRC letters of 5

August 21, 1981, and December 18, 1981. This letter provides a summary of an
analysis which GPU proposed to provide at the end of June, 1982. The summary

;

1
:
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concludes that the THI-1 reactor pressure vessel integrity will not be
compromised due to PTS events during the life +.ime of the plant. Also the rate
of embrittlement of the THI-1 vessel may be reduced further if the plant
switches to low leakage fuel scheme in the near term reloads. GPU indicated

because of the concerns by the PTS issue, operator response will be
significantly improved through increased awareness and additional training.

By letter dated June 22, 1982,8s the B&WOG provided a response to the NRC
staff's request at the meeting of June 9, 1982 concerning the NRC staff pro-
posed position on the PTS issue. The B&WOG indicated that the generic position
is unsound, unrealistic, and inappropriate unless used solely as a screening
basis. Also the NRC proposed crack initiation criteria was considered to be
highly conservative and the proposed generic transient does not realistically
represent an actual B&W plant response. The B&WOG recommended the use of

RT as a means of " flagging" plants with potential concerns. Each plant
NDT

should be analyzed for a realistic probable transient.

Letters 84 88 were received from Duke Power Ccmpany, Arkansas Power & Light

Company, Florida Power Corporation, GPU Nuclear and SMUD in response to the

staff's request concerning the proposed staff position concerning the PTS
issue. Duke Power Company indicated that the staff proposed approach can be
utilized as a screening method of identifying plants for detailed analyses

.
with respect to the PTS issue. However, the staff's analysis of the frequency
of the transient events is not applicable to any real plant. The Duke. Power

Company letter expressed the concern that the staff has failed to provide a
feedback loop such that plant improvements made are directly included in the
analyses. Also the screening criterion may need to be established on a group
of plants or even on an individual plant basis rather than a generic PWR
basis.

ssArkansas Power & Light Company's comments on the staff proposed position
follows:

(1) Indexing the operation to actual fracture toughness rather than on RT
NDT

should be pursued.

(2) RT could be used as a screening criteria.
NDT
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(3) The staff's generic approach does not consider basic design differences.
(4) The transient selected by the staff is unrealistic.

(5) The crack initiation criteria is not consistent with the ASME Code.
(6) AP&L disagrees with some of the basic assumptions of the staff's proposal.

88Florida Power Corporation included the following comments on the staff's
proposal:

(1) System pressure does not remain constant as proposed by the staff.
(2) Emphasis should be focused on actual fracture toughness rather than

RT
NDT*

GPU87 offered the following comments to the staff's proposal:

(1) The staff's proposed- failure criteria is too conservative.

(2) The proposed governing transient is too severe and overly conservative.
(3) Emphasis should be placed on the actual toughness of the vessel material

rather than RT
NDT*

SMUD indicated that the PTS issue cannot be realistically evaluated by focusing
on a single parameter such as RT

NDT*

A.4 NRC Staff Audit of Operating Procedures, Operator Qualifications an_d
Training With Respect to the PTS Issue

On March 16, 1982, a NRC short-term task force on PTS was organized to make a
detailed review and prepare a report on the efforts on PTS at the H. B. Robinson
Nuclear Plant. Specifically, the task force was to provide a report character-

r

izing the problems, methodology of resolution, bases for conclusions and
recommendations regarding the adequacy of in place training programs and
operating procedures.

89The report uNRC Staff Audit of Robinson and Procedures and Training fori

Pressurized Thermal Shock" dated April 15, 1982, recommended that prior to
restart the Robinson 2 operators and STAS should be retrained in areas related
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to the PTS issue and that SI termination criteria and procedures be changed to
accommodate the PTS issue.

The task force also recommended similar audits be performed at the other seven
plants which were identified with the August 21, 1981, letter.

By letter dated April 26, 1982,90 85 the seven other utilities of plants of
concern were requested to cooperate in this ef' fort.

A.4.1 Robinson 2 Audit

A visit to the Robinson 2 site took place on April 5-7, 1982, to evaluate
procedures and training. By letter dated April 20, 1982,88 the staff confirmed
the understanding that of general acceptance of the recomnendations of the
task force report. This was confirmed in writing by CP&L by letter dated
May 4, 1982.97

A.4.2 Oconee 1 Audit

A review of Oconee's procedures and training for PTS was conducted May 11-13,
1982. In general, the review team found the operators adequately knowledgeable
of the PTS istue, except that knowledge of past PTS events at other facilities
was weak. The procedures provided mitigative actions to prevent PTS, but
needed to be strengthened to provide actions if an unacceptable pressure /
temperature condition was reached. The audit team felt that a means should be
provided for plotting cooldown rate and subcooling margin with the plant
computer out of operation.

A.4.3 Fort Calhoun Audit

A review of the procedures and training for PTS at Omaha Public Power
developments Fort Calhoun plant was completed on June 8-10, 1982 by PNL.
General recommendations 99 regarding procedures and control instrumentation
made by PNL incluc'ed:
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(1) The values of parameters of interest in procedures should be consistent
as appropriate.

(2) Emergency procedures should note both minimum and maximum subcooling
temperatures.

(3) Emergency procedures should identify only one form of saturation curve.
(4) The current NDT curve should be in every procedure which references it.
(5) The subcooling margin indications should be available for all ranges of

RCS temperatures.

A.4.4 San Onofre 1 Audit

An onsite audit was conducted of the San Onofre Unit I procedures and training
for PTS June 2-4, 1982. Preliminary findings from the audit indicate that the
procedures are based on plant-specific analyses of transients and that the
operations personnel were. familiar with PTS even though their training was not
completed at the time of the audit. The findings indicate that the remainder
of the training program should include instruction on past cooldown events.
Findings on the San Onofre 1 procedures are included in the audit report. The

procedures were generally found adequate for PTS considerations, and were
based on Westinghouse analysis. The findings indicate that a method for
plotting cooldown rate should be provided to the operators.

4.4.5 Maine Yankee Audit

A review of Maine Yankee's procedures and training for PTS was conducted on
May 25-27, 1982. The review team found the plant operations personnel and
STAS adequately knowledgeable of the PTS issue, and the procedures provided
adequate guidance for preventing PTS. One significant operating philosophy
already in place at Maine Yankee is the throttling of HPI flow to maintain as
close to 50*F subcooling as possible during potential cooldown events. It was
noted by the review team that no written exam was conducted after the lectures
on PTS. Rather, a seminar method was used to determine the level of comprehen-
sion. Questions regarding PTS have been included in the written requalification
examinations. The review team concluded that the operators were sufficiently
knowledgeable of PTS. No changes to the operating procedures or training
program were recommended to meet the objectives of the audit.
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Table A-1 5mmary of responses to meC letters dated August 21. 1981 concerning thermal shock issue I
October 7.19e1 t

i
I
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IE W licensee's (1) (2) (3) (4) (5) Licensee's 30 day response
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30 day response to Request for present Ri Rate of RI "I II*tI I'' 0**i' I'# t Que'Ete** c8acer" ins coacerntas the ISO dayltr of 8/21/01) plates and welds

gg NDYlacrease coNfneed operetten limit operater acttens response. Somerts
NOT

e
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+
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Mtember E 1981) withth 30 days. responses within delayed until provided in 5/14/01 60 days. 1982. WtII provide schedules would accept what licensee will provide.
'

60 days. March 1.1982, Itr. Will provide & addittenal analyses for 5taff =llt continue effort which eat reselladdtttenal inferee- remedial actions by 3/1/82. In spectfying conservatises where moretien with response to
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'4
; [Etober 1,1981) 60 days. =tthta 60 days. within 60 days. withte 60 deys, withl 60 deys. fellewl g plant spectflc staff will woe Ocease 1 data as it to
1
,

, ! aaelysts established by aner OG applicable to int-1. Staf f encourages
(Oceaee 1-Oec. 31.1981 itcease, to edelt tefe. as tt becomes

. saache sece-mer. 1. 1982. evatiatie. seestcNr of Itr. slettee to
Others-later). to respease fee Cal ert Calffs 1.. meine vaaseel Could answee =1 thin 60 says, Could answer withle Could answer withis Ceute answer within Could easuer within Wt tl mpend te II.E.2.13 by WdC Iir. dtd.1d/8/81 ladicated staff would

.. . [Q_tembWe. 1981) however, would prefer to 60 days, home.or, 60 days, however. 60 days. sie ever. 60 days, however, ete .lu e 19e2. store detalled fa or the response accordtag to the licensee's
,1 respond eere fully withis mould prefer to would prefer te would prefer to would prefer to fracture secasales data licensee's prwesed schedule. The lack ofi e sheet ttee after 60 day mpead more fully respond more fully respond eere fully respond more fully e,allabie le Isa2, t enely safe,metten om requested lateemetteni response is due, within a short t$ee withis a sheet time within a short time atthta e stM ttee. }

- af ter 60 day af ter 60 day resp. efter 60 day resp. after 60 day resp. ceule at$ ult la conservatises la the staf f
t s due. Is e e. Is due. Is due. conclus tens.
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,3 Table A-2 Summary of 60 day responses to NRC letters dated August 21, 1981, concerning thermal shock to RPV
.

't

,' November 10, 1981*

O' Pirnt Name (1) (2) (3) (4) (5)
4 (Dita of 60 Initial & Present RT Rate of RT increase RT limit for Basis for RT limit Response concerning operator RamerksET;j d:y response) for plates & welds continued h r ET ET actions

Calv2rt Cliffs Limiting RT Values Licensee provided RT Licensee does n t Adoption of RT Operators can control feed Licensee RT,

NOT ET ET gy
L 1 Initial Val:ses values for 7.97 EPFY consider it limit would not per- rate and terminate HPSI to values are wel)
;q T10/20/81) (12/31/85) in resp. appropriate to mit co'nsideration of overpressurization. Generic within the

Plate 20' define an upper ware prestressing or program will review proce- staff's
9, Welds * Plate 115* limit RT other factors, dures after detailed estimate.ETcire. -20' Welds value. analyses of transients.
4 long. 10' circ. 194*
E long. 235*

'

@ 4.77 EFPY (12/31/81)
b.l Peak ID Fluence'j Plate 92* 1.18x10" n/caz;

P .] Welds
.3 circ. 146' .

!J long. 178*
Peak ID Fluence

e 7.05x1038 n/cm3

4
y

3
1

.

'.

,
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gj Table A-2 (Continued)
i
!
3 Pirnt Name (1) (2) (3) (4) (5)
1' (Otto of 60 Initial & Present RT Rate of RT increase RT limit for Basis for RT limit

) day response) for plates & welds continued h r ET WT Response concerning operator RemarksET e actions
b

Fcrt Calhoun Lietting RT Values Licensee provided RT@T Licensee does not Adoption of RT HPSI throttling and tenmina- Licensees RTET ET ET
) (10/20/81) Initial values values for 8.58 EFPY consider it limit would not per- nation and feedwater values are.] (12/31/85) in appropriate to mit considerations of throttling criteria are within the
r1 Plate 10' response. define an upper were prestressing. provided in emergency estimates. By
I:$ Welds limit RT transient procedures to letter dtd.ET
f .} cire. -20* Plate 142' value. prevent repressurization. 10/23/81 the
U long. -20' }Jelds CE will review procedures & requested pro-
[j cire. 270* where warranted procedure perties for
,j 9 5.36 EFPY (12/31/81) long. 268*

, revisions will be proposed archive material'. Peak ID fluence - and evaluated. Following as soon as it
Eat 112* 1.12x105* n/cm3 this, procedures will be is avaliable as

, ]; Welds changed and operating staff a supplement tot

.b circ. 245' retrained as necessary. to the 60 day
l. long. 255' resp.
j Peak ID Fluence -

7.04x105* n/caz,

O RT values are based on
gebicmaterialproper-

,4 ties. Properties for
archive material will be

i provided in 150 day
| response.
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Table A-2 (Continued)

y
Lj Pirnt Name (1) (2) (3) (4) (5)
[], j
. (Dats of 60 Initial & Present RT

continued h r. increase
Rate of RT RT limit f r Basis for RT II"It "''P "" C'"'''"I"9 ''''***' "'**'"'MT MT MTdry response) for plates & welds actions

M

] Maine Yankee Limiting RT Values Licensee provided RT Licensee does not The program the Operators are instructed Licensees RTMT MT ET
(11/2/81) Initial values values for 26 more consider it licensee is working with procedures to , limit values are well

calendar years & end appropriate to on considers the many repressurization that results within the
Plate -10* of life (35 total define en upper variables involved in fra HPSI operation and staff'sj Weld -30* calendar years) for limit RT the vessel removing RC pump operation estimates.MTwelds. value. capabilities. during transients. Licen-

e

hc As of 9/30/81 - see maintains these actions
(43 x 10' MWH electric 26 more cal. yrs 300* contribute to problem.!} RT @ ID = 180*

3 pen ID Fluence End of life 295*
j 5.4x105" n/cm2

Turkiy Point 4 Limiting RT Values FPY for next 10 yrs Licensee stated Licensee stated in Licensee indicated no Licensees RTNOT ET
,

,{ (10/21/81) Initial values 5*/EFPY fer remaining in letter dtd. letter dtd. 9/23/81 operator action is required values are well
q life. 9/23/81 that information has been for LOCA. Operator action within the j
p; Forging 50* response will be provided in 5/14/81 is required within 10 min. staff's |;; Cire. Welds 3* For forgings, this delayed until l tr. Will provide for large MSLB. This estimates. 3~'

represents 30* inc. 3/1/82. additional informa- includes criteria in proce--1 Current Values 5.61 for remaining design mation with response dures for HPSI termination
EFPY (9/30/81 life of vessel. to (3). and throttling AFW. LOCA

q Forginas 85* procedures have siellar i

Circ. Welds 193* procedures. Operators are ;

Peak ID Fluence - trained in procedures and on i,

1.1x103" n/cm2 simulator. |Fluence @ 1/4 T
4'

. 6.6x10 a n/cm2
j

r

1
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] Table A-2 (Continued) 1

I7

N I
Pirnt Name (1) (2) (3) (4) (5)
(Dita of 60 Initial & Present RT

continued $hfr_ increase
Rate of RT RT in for Basis for RT limit Response concerning operator Remarks '

,

NOT NDT NOTdry response) for plates & welds actions
.

. .j Robinson 2 Limiting RT Values 7*/EFPY for next 10 yrs Licensee stated Licensee stated in Operators are proviiled in Licensees RTNOT NOT
j (10/26/81) Initial Values 5*/EFPY for remaining in Itr. dtd. 1tr. dtd. 9/21/81 that procedures HPSI termination values are i'

life. 45* total for 9/21/81 that information has been criteria nd FW throttling within the i
Plate 46* 9 1/4 T plate. responses will provided; however, criteria. HPSI pumps have estimates.

,
Welds 0* be deferred additional informa- 1500 psi shutoff heads.

-

until 150 day tion will be provided Training programs are
current Values response. in 150 day repsonse. estabitsbed.
10 Plate 124*
1/4 T Plate 113*,

'i ID Weld 242*j 1/4 T Weld 210*
Fluence 9 ID Plate
1.42x103* n/caz

Fluence 9 ID Weld.
i

1.30x103* n/cm3'

Srn Onofre Limiting RT Values For Plate 4*/EFPY Licensee stated RT should not be Existing procedures provide Licensees RT,

NOT NOT NDT(11/ /81) Initial Values For Welds 3*/EFPY that response used as sole parameter HPSI termination criteria values are,

'

will be provided to determine vessel for LOCA and SLB. Provides well within
Plate 60* upon completion integrity. Such a no provisions for throttling the staff's
Weld (long.) O' of W Dwners Group Ilmit should be qual- HPSI. Provided instruc- estimates.

work. ified to the specific tion to throttle feedwater
Current Values 9 method of calcula- for SLB operator action not
8.93 EFPY (10/31/81) tion. Refers to required before 10 min.

Owenrs Group report Training programs are pro-
Plate 222' of 5/14/81. vided. HPSI shutoff head
Weld (long.) 229' is 1160 psi.
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j Table A-2 (Continued)

5
'

] Pirnt Name (1) (2) (3) (4) (5) i'
i (0 ta cf 60 Initial & Present RT Rate of RT increase RT limit for Basis for RT limit Response concerning operator Remarks };ETj d:y r2sponse) for plates & welds continued h e MT ET actions ;
I *

j Oconee 1 Limiting RT Values Licensee provided Licensee does not A RT limit w uld Emergency procedures require The ifcensee'sET ET ;

) (10/20/81) Initial Values fluence rate of consider it not provide confi- operator action for control- RT values f,gyincrease for peak appropriate to dence to predict ling steam line break (over- are within thei
l

i Plate @ Norzle 60* fluence and for establish an toughness of materials cooling) and LOCA. These staff's jl Weld critical weld upper limit and assurance that include throttling and estimates, j'
I circ. 20* location. RT value. material with the termination criteria forT

.' long. 20 greatest index is HPSI. The operator can take i
..

j Peak Fluence Rate - the controlling manual control of feedwater t
n/cm /2FPY material for a given systems to limit plant I,j Current Values 0.37x103" 3

j 5.13 EFPY (10/1/81) analysis. cooldown. .

|; Plate 89* Weld Fluence Rate -
J Weld 0.33x1038 n/caZ/EFPY
] circ. 145* ~

1 long. 160*
.,

l'' Plate Fluence
I'

1.94x1038 n/cm2
|

d Weld Fluence
,

2.27x1038 n/caz
, ,,

f !
,-;

d II
J !

,.
,

'

a i.
| .'
i
I'
:.
i
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> Table A-2 (Continued)'j
d

*
P1rnt Name (1) (2) (3) (4) (5)
(Dit2 of 60 Initial & Present RT Rate of RT RT limit for Basis for RT limit Response concerning operator Remarks I

continuedohr. increaseET ET MTday response) for plates & welds actions

] Three Mile Limiting RT Values For Plate Use of RT as The owners group will B&W Report BAW 1648 Guide- The licensee'sNOT ET
14 Isirnd 1 Initial Values 6.2* RT /EFPY a limiting establish a set of Ifnes have been incorporated RT values forNOTJ4 (10/23/81) parameter for parameters that are in TM1-1 Emergency Proce- lokItudinal'

Plate 9 1/4 T 40' For Cire Welds continued opera- expected to be other dures. For SBLCCA procedures welds are
i Welds 9 1/4 T 20* 22.8* RT /EFPY tion is not than RT provide far HPSI throttling slightly higherMDT MT.I) considered appro- (termination) criteria and than the staff's

;fj Current Values For Long. Welds priate by feedwater control criteria. estimates (10*).
'* 19.9 RT /EFPY licensee. Training on these proceduresMTPlate 83* is a part of operator
,1 Weld These are the current training and retraining

circ. 177* rates. As plant Ilfe program.)j long. 170* increases da/dt
'j decreases.

* c.! Fluence for Plate

e: 2.3x1038 n/caz
~j Fluence for cire. welds
.i 2.1x1038 n/caz

1
,; 4 Fluence for long. welds

= '

1.7x1038 n/caz

1
:
)

:
q
'i

.
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Table A-3 Summary of "150 day" responses concerning PTS

fi
M Response WareLj P1 tnt to letters and prestressing Operator actions !
/ (NSSS vendors) gen. contents Conclusions Limiting transients Criteria of accept. considered considered Remedial actions |3 I

p|f
Robinson 2 1. Irradiation- 31 cal. yrs. Rpt. provided a table Min. flaw depth for Yes, for all Refers to WCAP 10019. 1. Will have low

[d '

1/25/82 data of vessel life transients considered crack initiation is transients Credit is taken for leakage core i

(W) 2. Weld material remaining for which include greater than 1.0 in. considered. LSLB. AFW terminated 2. Will keep
A info. all transients following: HPSI terminated in abreast on I

d Rafsranced 3. Basis for considered. 1. Large LOCA Crack arrest occurs 10 min. annealing ,

Lj WCAP 10019 continued 2. SBLOCA within 75% of vessel developments. !

operation 3. LSLB 3. Studying bene-
?],, 4. Operator 4. SSLB fits of
a actions 5. Rancho Seco heating RWST. ,d 5. Remedial 4. Verification i

E actions analysis by i
i, EPRI.

|} Turksy Pt. 4
t# 1. Irradiation Reactor vessel Rpt. provided a table Min. flaw depth for Yes, all Cannot determine but $1nce integrity 1

1/21/82 information integrity will of transients consid- crack initiation is transients WCAP 10019 provides has been demon- j
2. Weld be maintained ered which include greater than 1.0". except SSLB following: strated, no need'+

'

(W) material info throughout following: for action plan. f3. Transient design life. 1. Large LOCA Crack arrest occurs Control AFW;

,j Rafsranced fracture 2. SBLOCA within 75% of vessel
< WCAP 10019 analysis show- 3. LSLB wall thick.

:Q ing basis for 4. SSLB w
- continued 5. Rancho Seco i'

- operation.
;

, 8

Ii

5 !
!
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~J Table A-3 (Continued)
h
a
q Response WarsPlant to letters anda

prestressing Operator actions
( (NSSS vendors) gen. contents Conclusions Limiting transients Criteria of accept. considered considered Remedial actionsa

j 5:n Onofre 1. Irradiation Reactor vessel Rpt. provided a table Min. flaw depth for Yes, for For LSLB Plan for remedial3 1/25/82 effects integrity will of transients consid- crack initiation is large and Terminate HPSI actions not7j 2. Material be maintained ered which include greater than 1.0". small LOCAs Terminate AFW to warranted. Low'j (W) property info beyond design following: only. faulted SG. leakage core is*4 3. Basis for lifetime. 1. Large LOCA Crack arrest occurs place..

1 Rtfsrenced continued 2. SBLOCA within 75% of vessel For SSLB9 WCAP 10019 operation 3. 'LSLB wall thick. Isolate break (PORV)7.A 4. Operation 4. SSLB Terminate HPSIsj actions 5. Rancho Seco
5 5. Remedial
2 Actions
l Ft. Calhoun 1. Thermal-Hydro Integrity will HSLB most Ilmiting. For MSLB (Iow prob- . Benefit from Yes 1. Will implement1/18/82 Eval. be maintained Overcooling A00- ability) - crack ~ W.P. not For MSLB - 30 min, reduced radial

(a) SLB for lifetime stuck open dump arrest. considered, to reduce HPSI flow. leakage fuel
(CE) (b) Overcool- of plant. valve. For A00 + Single however, it For MSLB - trip RC scheme in

ing (anti- (SBLOCA + LOFW failure - crack was not pumps in 30 seconds. Cycle B.'; pated analyzed in arrest needed. It For A00 trip RCP in 2. Will study other
1 occurences) CEN 189) For A00 - no crack would have 10 min. Reduce HPSI fuel arrange-.i 2. Fracture Mech initiation been credited in 90 min. ment schemes"

Analy, for SLB if needed and 3. Do not plan
3. Response to criteria met, increase in

; Dec. 18 Itr. ECC water temp.4. Fluence data 4. Evaluating
annealing.

5. Program plan
-

wi11 evaluate
control systems,
procedures &
potential
design mods.
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:1 Table A-3 (Continued)
?!

.] Response Wam i

'

L3 Picnt to letters and prestressing Operator actions '

!.j (NSSS vendors) gen. contents Conclusions Limiting transients Criteria of accept. considered considered Remedial actions
M
1 Maine Yankee APP A - response Vessel will MSLB most limiting No crack initiation. Benefit from Yes 1. Low leaka p

a

1/21/82 to 4-150 day retain integ- (cooldown below 300*) Response references W.P. not For MSLB fuel egat. for
-. questions rity throughout CEN 189 Report. considered. Trip RCP e 30 sec. Cycle 7.
|1 (CE) APP B - response design life. Prob. of MSLB is .however, it Terminate HPSI e 2. Will operate !
i to RFI of 8/21/81 very low. was not 30 min. RWS to main- j
'j APP C - response needed. It tain higher '

to 12/18/81 Itr. would have For A00 temp. not to
credited if Trip RCP 9 10 min. exceed 80*

May do further needed and Terminate HPSI 9 90 3. Will keep
RETRAN analyses criteria met. min. informed on ,3 annnealing. |d * Don't address 4. Will evaluate :1 selection of *control stra-'i events causing tegy after h

j highest PTS risk. plant-specific
,e

'} evaluation is
in place.,t

;{ Calvzrt Cliffs 1. Was responsive No crack initi- MSLB most limiting, No crack initiation Benefit from Yes 1. Scoping studies
1/28/82 2. Fluence cal. ation for A00 + single failure. for A00 W.P. not For MSLB on fuel eget.
(Rasp. to 3. Systems assumed plant SBLOCA + LOFW Crack arrest for considered, Trip RCP e 30 sec. 2. Do not plan to
12/18/81 Itr Analysis life for SBLOCA analysis in CE 189 MSLB however, it Reduce HPSI flow @ increase RWST,

1/21/82) 4. Fracture + LOFW. Same was not 30 min. temperature.
."

'f
"

mechanics for stuck open needed. It For A00 3. No discussion '

, (CE) dump valve would have Trip RCP @ 10 min. on annealing.
! (A00) credited if Terminate AFW 9 10 4. Control system

For MSLB, satis- needed and min. Reduce HPSI changes may be '

factory perform- criteria met. @ 90 min. considered.
ance for 21
add'1 EFPY
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l Table A-3 (Continued)

.,

M Response Ware
,. 4 Pitnt to letters and prestressing Operater actions

(NSSS vendors) gen. contents Conclusions Limiting transients Criteria of accept. considered considered Remedial actions

.. Ocence 1 1. Overcooling Vessel failure SBLOCA + LOFW Crack initiation with Yes, for SBLOCA + LOFW 1. 18 month fuel

.} 1/15/82 transient is not calcu- Overcooling transient arrest within 1/4 T SBLOCA. No Trip RCP. Throttle cycle provides.I analysis ** 1ated to result for over- HPIS 9 93 min.- decrease in
Jl (B&W) from postulated cooling leakage flux.
,j transient. transient 2. Current water
?4 2. SBLOCA With minimal Overcooling Transient temperatureN analysis downconer mix- Trip RCP. Isolate sufficient.

.j 3. Mixing ing, no credit EFWS 9 20 min. 3. In place
: analysis for mixing in .Except MSLB - isolate annealing not

.} 4. Vessel wall hot leg, no all feedwater within required.'i thermal credit for W.P.- 5 min. 4. No control
I at.?ysis 16 EFPY. With system changes

') . " irial credit for W.P., Only assumed above are necessary.
- *>*u2Yeties for SBLOCA - 32 actions where2

'

6. v t- (F * EFPY. For over- necessary to mitigate
. -te.wh .* tion cooling transient consequences and'j 7. 25 EFPY (Design achieve acceptable

^.~ .t

.ei.aar'4 11fe - approx. EFPY.
.1 analysi+ 27 EFPY)
' 8. Frequency

determination
,

9. SLB analysis
*

** Turbine bypass
system failures,
overfill
transients.

i_,

+
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Table A-4 Summary of generic reports concerning PTS

,; General Limiting Criteria of Warm Prestressic' Operator Action Potential
Owners Group Contents Conclusions Transients Acceptance Considered Consider Remedial Action

' Westinghouse
; WCAP 10019 1. Limited transient All plants **l. Small Steam 1. No initiation Benefit of W.P. Yes-Control AFW 1. Heating RWST to
; Drcember 1981 development can continue Line Break of flaws less considered for Trip RCPs as. 80* provide
! " Summa ry 2. Fluence Calc. operation a 2. Rancho Seco than 1 inch SBLOCA and some examples - Rept. of 3 to 30 EFPY.j R1 port on 3. Stress & Fracture number of 3. Large Steam deep. large LOCA and is not very operation.

'j Ratctor Vessel Mechanics for yrs (3 for Line Break (Flaws > 1 in. large SL breaks. definitive. 2. Limit AFW-

1 Intsgrity for Transients the least) 4. Small LOCA deep not Benefit was not 3. Control Systems to
s Westinghouse 4. Vessel Integrity before 5. Large LOCA assumed to considered for mitigate transients
! Optrating Evaluations acceptance exist) or other transients, a. RC Press.

Plants" 5. Potential Remedial criteria is *In order of 2. Crack Arrest Relief System
'

Actions violated. A severity. occurs within b. Safety Injec-
.

'! 6. Conclusions (for table pro- 75% of wall tion Control
~| each operating plant) vides no. of **Most limiting. thickness, c. AFW Control

> 7. Don't address iden- yrs. for each 4. Core Modifica-
I fication of events plant. Eight tionsj causing highest plants are 5 a. Low leakage
; PTS risk yrs or less loading'j 5. Annealing Vessel

q a. Is feasible
.t

}

}
:

'l
ti

4
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Table A-4 (Continued)

General Limiting Criteria of Wars Prestressing Operator Action Potential
Owners Group Contents Conclusions Transients Acceptance Considered Consider Remedial Action,

Combustion
Engineering

.i CEN-189 1. Only addres*ts SBLOCA Each plant's 1. Only cone 1. No initiation Benefit of WP was Yes: None considered.
" Evaluation with loss of all FW vessel can siders of flaws of considered 1. PORVs opened'

i af Pressurized transient safely with- 58LOCA + LOFW credible si'ze, in 10 min.
Thermal Shock 2. Thermal Hydro- stand SBLOCA or if it does 2. AFW reinstated*

h Efftets Due to analysis + LOFW for initiate. after 30 min.
/f Small Break LOCAs 3. Discussions on mixing design life 2. Arrest after

~

with Loss of Additional studies without crack limited
Fe:dwater for CE are expected to per- initiation. extension.,

; NSSS"* mit removal of
D:cember 1981 certain conservatisms

.| *(This is the 4. Scoping studies indi- **(Note that.I Past-TMI " feed cate range of HPSI MSL break is
& bleed" rept. flows must be most limiting

3 It is not a considered but was only
L 1 Gtneric PTS 5. Fluence Calculations considered in
Lj report.) 6. Material Properties the 150 day
'l 7. Vessel Integrity responses)

Evaluation*

8. Plant-Specific.

Analysis;

I No B&W Report - promised plant-specific analyses. No generic report promised.
,

:

1
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12. Summary of Meeting with GPU Nuclear on June 2, 1982 Concerning the PTS
issue for TMI-1 - dated June 16, 1982.

13. Summary of Meeting with PWR Industry Representatives on June 9, 1982
Concerning the PTS issue.

14. Summary of Meeting with WOG on Reactor Vessel Integrity on June 22, 1982
Concerning the PTS issue - dated June 30, 1982.

15. Summary of Meeting with CE0G on June 23, 1982 Concerning the PTS issue -
dated July 8, 1982.

16. Summary of Meeting with tne WOG on July 28, 1982 Concerning the PTS
issued - dated .

17. NRC Letters dated August 21, 1981, from Darrell G. Eisenhut to eight
selected utilities (Florida Power & Light Company, Carolina Power & Light *

Company, Southern California Edison Company, Baltimore Gas & Electric

Company, Omaha Public Power District, Maine Yankee Atomic Power Company,

Duke Power Company and GPU Nuclear Corporation) Concerning Pressurized
'

Thermal Shock to Reactor Pressure Vessels.

18. NRC Letter dated October 2,1981 from Mr. T. M. Novak, NRC, to Mr. A. E.
Lundvall, Jr. , Baltimore Gas & Electric Company, Concerning Responses to
the NRC August 21, 1981 Letter.
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19. NRC Letter dated October 26, 1982, from Mr. T. M. Novak, NRC, to Mr. W. C.
Jones, Omaha Public Power District, Concerning Responses to NRC Letter
dated August 21, 1981.

20. NRC Letter dated October 23, 1981 from Mr. T. M. Novak, NRC, to I

Mr. Robert H. Groce, Maine Yankee Atomic Power Company, Concerning
Responses to NRC Letter dated August 21, 1981.

21. NRC Letter dated October 26, 1981 from Mr. T. M. Novak, NRC, to Mr. J. A.
Jones, Carolina Power & Light Company, Concerning Responses to NRC Letter
dated August 21, 1981.

22. NRC letter dated October 26, 1981 from Mr. T. M. Novak, NRC, to
Dr. Robert E. Uhrig, Florida Power & Light Company, Concerning Responses
to NRC Letter dated August 21, 1981.

23. NRC Letter dated October 23, 1981 from Mr. Gus C. Lainas, NRC, to Mr. R.
Dietch, Southern California Edison Company, Concerning Responses to NRC
Letter dated August 21, 1981.

24. NRC Letter dated October 23, 1982 from Mr. T. M. Novak, NRC, to
Mr. William O. Parker, Jr. , Duke Power Company, Concerning Responses to
NRC Letteer dated August 21, 1981.

25. NRC Letter dated October 23, 1981 from Mr. T. M. Novak, NRC, to
Mr. Henry D. Hukill, Metropolitan Edison Company, Concerning Responses to
the NRC Letter dated August 21, 1981.

26.-
3 RC Letters dated December 18, 1981, to Maine Yankee Atomic Power Company,

Baltimore Gas & Electric Company, Omaha Public Power District, Carolina
Power & Light Company, Florida Power & Light Company, Southern California
Edison Company, Duke Power Company, and Metropolitan Edison Company -

Provided Evaluations of the "60 day" Responses to the NRC Letter dated
August 21, 1981, and Requested Additional Information to be Provided in
the "150 day" Responses.
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34. NRC Letter dated March 15, 1982 to Southern California Edison Company
Concerning Request for Information Related to their "150 day" Response.

35. NRC Letter dated March 16, 1982, to Carolina Power & Light Company
Concerning Request for Information Related to their "150 day" Response.

36. NRC Letter dated March 16, 1982, to Florida Power & Light Company
Concerning Request for Information Related to their "150 day" Response.

37. NRC Letter dated March 16, 1982 to Mr. Oliver Kinglsey, Chairman of WOG,
Concerning Request for Information Related to W Generic Program on PTS.

38.-
40. NRC Letters dated March 18, 1982 to Maine Yankee Atomic Power Company,

Omaha Public Power District and Baltimore Gas & Electric Company Concerning
Requests for Information Related to their "150 day" Responses.

41. NRC Letter dated April 4, 1982 to Duke Power Company Concerning Request
for Information Related to their "150 day" Responses.

42. B&WOG Letter dated May 12, 1981 from John J. Mattimoe, Chairman B&WOG, to

Harold Denton, NRC, Concerning Report on Reactor Vessel Brittle Fracture
Concerns in B&W Operating Plants.

43. CEOG Letter dated May 15, 1981 from Mr. K. P. Baskin, Chairman CEOG, to

Mr. Darrell G. Eisenhut, NRC, Concerning Reactor Vessel Pressurized
Thermal Shock.

44. WOG Letter dated May 14, 1981 from Mr. Robert W. Jurgensen, Chairman 0G,

to Mr. D. G. Eisenhut, NRC, Concerning Thermal Shock to Reactor Pressure
Vessel.

45. Baltimore Gas & Electric Company Letter dated September 24, 1981 to NRC

Concerning 30 day Response for Calvert Cliffs 1 to August 21, 1981 Letter.
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46. Omaha Public Power District Letter dated September 22, 1981 to NRC
Concerning 30 day Response to August 21, 1981 Letter for Fort Calhoun.

47. Maine Yankee Atomic Power Company Letter dated September 29, 1981 to NRC
Concerning 30 day Response to August 21, 1981 Letter for Maine Yankee.

48. Florida' Power 1 Light Company Letter dated September 23, 1981 to NRC

Concerning 30 day Response to August 21, 1981 Letter for Turkey Point 4.

49. Carolina Power & Light Company Letter dated September 21, 1981 to NRC
Concerning 30 day Response to August 21, 1981 Letter for Robinson 2.

50. Southern California Edison Company Letter dated October 5, 1981 to NRC
Concerning 30 day Response to August 21, 1981 Letter for San Onofre 1.

51. Metropolitan Edison Letter dated October 1, 1981 to NRC Concerning 30 day
Response to August 21, 1981 Letter for TMI-1.

52. Baltimore Gas & Electric Company Letter dated October 20, 1981 to NRC
Concerning 60 day Response to August 21, 1981 Letter for Calvert Cliffs 1.

53. Omaha Public Power District Letters dated October 20 and November 12 and
13, 1981, to NRC Concerning 60 day Response to August 21, 1981 Letter for
Fort Calhoun.

54. Maine Yankee Atomic Power Company Letter dated November 2,198. to NRC

Concerning 60 day Response to August 21, 1981 Letter for Maine Yankee.

55. Florida Power & Light Company Letter dated October 21, 1981 to NRC
Concerning 60 day Response to August 21, 1981 Letter for Turkey Point 4.

56. Carolina Power & Light Company Letter dated October 26, 1981 to NRC

Concerning 60 day Response to August 21, 1981 Letter.

57. Southern California Edison Company Letter dated November 4, 1981 to NRC

Concerning 60 day Response to August 21, 1981 Letter for San Onofre 1.
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58. Duke Power Company Letter dated October 20, 1981 to NRC Concerning 60 day
Response to August 21, 1981 Letter for Oconee 1.

59. Metropolitan Edison Company Letter dated October 23, 1981, to NRC
Concerning 60 day Response to August 21, 1981 Letter for TMI-1.

60. Baltimore Gas & Electric Company Letters dated January 21 and 28, 1982 to
NRC Concerning Request for Information dated December 18, 1981 and 150 day
Response to August 21, 1981 Letter, Respectively, for Calvert Cliffs 1.

61. Omaha Public Power District Letter dated January 18, 1982 to NRC
Concerning 150 day Response to August 21, 1981 Letter for Fort Calhoun.

62. Maine Yankee Atomic Power Company Letter dated January 21, 1982 to NRC
Concerning 150 day Response to August 21, 1981 Letter for Maine Yankee.

63. Carolina Power & Light Company Letter dated January 25, 1982 to NRC
Concerning 150 day Response to August 21, 1981 Letter for Robinson 2.

64. Florida Power & Light Company Letter dated January 21, 1982 to NRC

Concerning 150 day Response to August 21, 1981 Letter for Turkey Point 4.

65. Southern California Edison Company Letter dated January 25, 1982 to NRC
Concerning 150 day Response to August 21, 1981 Letter for San Onofre 1.

66. Duke Power Company Letter dated January 15, 1982 to NRC Concerning 150 day
Response to August 21, 1981 Letter for Oconee 1.

67. WOG Letter dated December 30, 1981 to NRC from 0. D. King 1sey, Chairman

WOG, Concerning WCAP-10019 " Summary Report on Reactor Vessel Integrity
for Westinghouse Operating Plants."

68. CEOG Letter dated December 32, 1981 to NRC from K. P. Baskin, Chairman
CE0G, Concerning CEN-189 " Evaluation of Pressurized Thermal Shock Effects

Due to Small Break LOCAs with Loss of Feedwater for Combustion Engineering
NSSS."
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69. WOG Letter dated May 28, 1982 to NRC from Mr. O. D. King 1sey, Chairman

WOG, Concerning Response to Request of NRC Letter dated March 16, 1982.

70. Carolina Power & Light Company Letter dated May 4, 1982 Concerning the
NRC Requests for Information dated March 16 and April 20, 1982.

71. Florida Power & Light Company Letter dated May 3, 1982 to NRC Concerning
Response to NRC Request for Information dated March 16, 1982.

72. Southern California Edison Company Letter dated May 25, 1982 to NRC

Concerning Response to NRC Request for Information dated March 16, 1982.

73. WOG Letter dated June 16, 1982 from 0. D. Kingsley, Chairman WOG, to
H. R. Denton, NRC, Concerning Report " Fuel Management to Reduce Neutron
Flux."

74. WOG Letter dated June 22, 1982, from 0. D. King 1sey, Chairman WOG, to

H. R. Denton, NRC, transmitting report " Review of Emergency Response
Guidelines Relative to PTS."

i

75. Baltimore Gas & Electric Company Letter dated May 4, 1982 to NRC in
Response to NRC Request for Information dated March 18, 1982.

76. Omaha Public Power District Letter dated April 30, 1982 to NRC in, Response
to NRC Request for Information dated March 18, 1982.

77. Maine Yankee Atomic Power Company Letter dated May 11, 1982 to NRC in,

Response to NRC Request for Information dated March 18, 1982.

78. CE0G Letter dated June 14, 1982 from Ken Baskin, Chairman CE0G, to H. R.
Denton, NRC, Concerning the Proposed NRC recommendations on the PTS

issue.

79. Omaha Public Power District Letter dated June 28, 1982 to NRC as a result
of the meeting of June 23, 1982 with the staff.
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80. Duke Power Company Letter dated April 30, 1982 in Response to NRC Request
for Information dated April 5, 1982.

81. GPU Nuclear Corporation Letter dated March 17, 1982 to NRC Concerning
150 day Response to August 21, 1981 Letter for TMI-1.

82. GPU Nuclear Letter dated June 1, 1982 to the NRC Concerning a summary of
the "150 day" response to the August 21, 1981 letter and request for
information letter dated December 18, 1981.

83. B&WOG Letter dated June 22, 1982 from A. P. Rochino, Chairman of B&WOG,

to H. R. Denton, NRC, Concerning the staff proposed recommendations on
the PTS issue.

84. Duke Power Company Letter dated June 21, 1982, Concerning the staff's
proposed recommendations on the PTS issue.

85. Arkansas Power & Light Company Letter dated June 21, 1982 Concerning the
staff's proposed recommendations on the PTS issue.

86. Florida Power Corporation Letter dated June 28, 1982 Concerning the
staff's proposed recommendations on the PTS issue.

87. GPU Nuclear Letter dated July 7, 1982 Concerning the staff's proposed
recommendations on the PTS issue.

88. SMUD Letter dated JLne 21, 1982 Concerning the staff's proposed
recommendations on the PTS issue.

89. NRC Internal Memorandum from G. R. Maetis, Chairman of Robinson PTS Task

Force, to H. L. Thompson, Acting Director of DHFS, dated April 15, 1982
concerning staff audit of Robinson 2 procedures and training for PTS.
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90.-
95. NRC Letters dated April 26, 22, 22, 22, 22 and 23 to Florida Power &

Light Company, Maine Yankee Atomic Power Company, Baltimore Gas & Electric

Company, Omaha Public Power District, Southern California Edison Company,
and Duke Power Company requesting cooperation in the audit and evaluation

effort on plant procedures and operator training related to PTS.

96. NRC Letter dated April 20, 1982 confirming the Carolina Power & Light
Company's commitment to the recommendations of the NRC Robinson 2 Task

Force on PTS.

97. Carolina Power & Light Company Letter dated May 4,1982 confirming the
utility's commitment to the recommendations of the NRC Robinson 2 Task

Force on PTS and providing additional information which was requested in
the NRC March 16, 1982 letter.

98. Pacific Northwest Laboratory's Letter dated June 4,1982 Concerning the
review of the procedures and training for PTS at Oconee 1.

99. NRC Summary of June 8-10, 1982 meeting with OPPD regarding the procedures

and operator training relative to the PTS issue - dated June 16, 1982.

100. NRC meeting of July 30, 1982, with WOG regarding SBLOCA which result in
stagnation flow, frequencies of such events and differences between staff
and WOG concerning the fracture mechanics analyses dated August 9, 1982.

101. NRC Summary of August 11, 1982 meeting with WOG to resolve differences

between the staff and WOG concerning the screening criteria dated
August 20, 1982.
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APPENDIX B

CHRONOLOGY OF EVENTS CONCERNING PRESSURIZED THERMAL SHOCK

December 31, 1980 B&W licensees submitted Thermal Mechanical Report (BAW-1648).

March 31, 1981 - NRC meeting with PWR Owners Groups concerning thermal shock

with repressurization issue. Owners Groups committed to a report by May 15,
1981 to put thermal shock issue into perspective.

April 20, 1981 letter to all operating PWR licensees requesting Owners Groups
Reports by May 15, 1981 and licensee's responses by May 22, 1981.

May 4, 1981 - Commission Information Paper (SECY-286 (28).

June 11, 1981 - Commission Briefing.

May 12, 1981 - Board Notification.

May 15, 1981 - Received May 15 reports from Owners Groups.

May 19, 1981 - ACRS subcommittee meeting to discuss Owners Groups responses.

May 28-June 4 - Received responses from all operating PWR licensees.

June 5,1981 - ACRS Briefing.

June 11, 1981 - Commission Briefing.

July 28, 29, 30, 1981 - Meetings with Babcock & Wilcox, Westinghouse and
Combustion Engineering Owners Groups.

September 15, 1981 - Commission Briefing.
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August 21, 1981 - NRC' letter to eight licensees of eight operating FWR plants
(Fort Calhoun, Robinson 2, San Onofre, Maine Yankee, Turkey Point 4, Calvert
Cliffs 1, TMI-1 and Oconee 1) requesting 60-day response and 150-day response.

concerning Thermal Shock.
,

September 21 through October 5, 1981 - Received letters from-7 licensees in-

f response to the August 21, 1981 letter identifying conflicts with the request.
4

September 18, 1981 - Meeting with Westinghouse Onwers Group.

September 22, 1981 - Meeting with Babcock & Wilcox Owners Group.,

October 7, 1981 - Meeting with Combustion Engineering Owners Group.
I

October 23-28, 1981 - Letters to eight licensees regarding their exceptions to
the August 21, 1981 letter.

1

October 20 through November 13, 1981 "60 day" responses from the eight
I licensees who received the August 21, 1981 letter.

December 8, 1981 - Commission Paper SECY 81-687 dated December 8, 1981,
I Subject: Designation of PTS as an Unresolved Safety Issue.

December 18, 1981 - NRC evaluations and request for information concerning
"60 day" response.,

I
!
'

December 30, 1981 - Westinghouse Owners Group Report Concerning Pressure Vessel
Integrity.

'

December 31, 1981 - Combustion Engineering'0wners Group Report concerning TMI
Action Item II.K.2.13.

j January 15 through January 25, 1982 "150 day" responses to August 21, 1981
,

letter from seven utilities. GPU did not submit a "150 day" response for
TMI-1.

,
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February 24, 1982 - Meeting with WOG to discuss the WOG generic report and the
"150 day" responses of three W plants of PTS concern.

March 3, 1982 - Meeting with CEOG to discuss the CEOG generic report and the
"150 day" responses of the three CE plants of PTS concern.

March 5, 1982 - Commission Information Paper (SECY 82-92) Subject: Commission
Briefing on PTS.

March 9, 1982 - Commission Briefing, Status Report on PTS.

March 16, 1982 - Appointment of Special Task Groups to (1) investigate the
reducing of irradiation damage to vessels, and (2) audit the operator training
and procedures for the PTS concern at Robinson 2.

.

March 15, 16, 18 and 24, April 5, 1982 - Letters to seven of the eight
licensees of the PTS concerned plants ar.d the WOG requesting additional
information related to the "150 day" responses and the generic reports.

March 24, 1982 - Meeting with Duke Power Company to discuss the Oconee 1
"150 day" response.

March 26, 1982 - Transmittal of Task Action Plan for USA A-49, " Pressurized
Thermal Shock" (PTS).

March 24, 1982 - Meeting with Duke Power Company concerning the PTS issue-for
Oconee 1.

April 15, 1982 - Report of special task force on PTS for Robinson 2.

May 20, 1982 - Preliminary Assessment of Techniques for Fluence Rate Reduction
for PWR Pressure Vessels.

April 30-May 4, 1982 - Received responses from licensees of special plants
concerning PTS to NRC request for information during March 1982.
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May 6, 1982 . Meeting with OPPD concerning PTS issue. Discussed OPPD's
response of April 30, 1982.

May 10, 1982 - Meeting with WOG concerning the PTS issue. Discussed response
of:WOG'due at end of May.

April 26, 1982 - Licensees of other six special plants of PTS' concern ~ requested-
to-_ cooperate in audits of operating procedures and training.

May 28, 1982 - Received WOG Supplemental Information on Reactor Vessel
Integrity.

June 2,1982 - Meeting with GPU Nuclear concerning PTS, Summary of "150 day"
response.

.

June 3, 1982 - ACRS Meeting - Discussed staff's Consideration of Possible-
Recommendations for PTS Requirements.

June 9, 1982 - Meeting with-PWR industry representatives concerning the staff's
considerations of possible recommendations for PTS requirements.

June 22, 1982 - Meeting with WOG concerning PTS issue - Followup to June 9,
1982 meeting.

June 23, 1982 - Meeting with CEOG concerning PTS issue - Followup to June 9,
1982 meeting.

June 16, 1982 - WOG report on Fuel Management to Reduce Neutron Flux.

June 22, 1982 - WOG report on PTS review of ERGS.

June 21-July 7, 1982 - Responses from CEOG, OPPD, B&WOG, and licensees of all

operating B&W plants concerning staff's consideration of proposed
recommendations on PTS requirements.
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July 9, 1982 - Meeting with OPPD concerning PTS issue.

July 28, 1982 - Meeting with WOG concerning PTS issue - discussed staff's
position on PTS issue.
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APPENDIX C

PROCEDURES AND TRAINING

C.1 Human Factors Considerations

It was recognized by the task force early in the review of Pressurized Thermal
Shock (PTS) that plant operators played a key role in the evaluation and
mitigation of PTS events. There are some key considerations that must be
evaluated in determining the acceptability of operator action as a' mitigative
action.

The first is that reactor' vessels have been designed to withstand the worst
design-basis accident. The consequences of a vessel failure are so significant
that we have always required vessel and system design adequate to prevent. it.
The second consideration is a concern for the ability of the operators to
' prevent' PTS from breaking a vessel. Operators in general are excellent
throughout the industry. But any human can make errors, both cognitive and
operative. The likelihood of error increases with an increase in stress, poor
control roo.n design, fatigue, instructions inadequate to deal with the par-
ticular sequence in progress, and other similar factors. Because'of possible
human errors and the potential severe consequences of PTS, the NRC does not
consider operator action an acceptable long-term " solution" to the PTS issue.

,

| However, the NRC staff recognizes that there is a genuine need to provide
clear, concise, and integrated procedures and training to the operators, toi

ensure they know the technical issues involved not only for this issue, but
for other vital considerations they must be concerned with in plant operations.
After the TMI-? accident, NRC-directed ' enhancements' to HPI termir,ation

f
i criteria were developed by the industry. The results of these changes is, as

' perceived by the NRC staff, a 'mindset' to maintain HPI flow after an accident

| at all costs. Current analysis of accidents with continuous HPI flow shows

that the challenge to vessel integrity is more severe than previously con-
sidered. In subsequent evaluations, the staff and the industry have learned

I that real events, with multiple failures, have led to transient cooldowns more
|
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severe than previously analyzed. This led'the staff to recognize that a
balance of considerations must be used to control the operation of HPI and
other safety-related plant equipment. The industry should have a clear
understanding of those considerations, including understanding of PTS, in
determining the best method of operating plant equipment.

C.1.1 Westinghouse Plants

The utilities of the three Westinghouse-designed plants being evaluated for
PTS provided a list of procedural steps dealing with HPI termination and
control of feedwater. These steps were provided in the 60-day responses to
D. G. Eisenhut's August 21, 1981 letter to the eight plants being evaluated
for PTS. In response to D. G. Eisenhut's December 18, 1981 letter to the
three utilities with Westinghouse-designed plants, additional procedures
information was provided at the same time the 150-day response to our August 21,
1981 letter were provided.

At a meeting in February 1982, in Bethesda, Md. , Westinghouse presented to the
NRC staff an evaluation of the PTS mitigative actions contained in the Westing-
house guidelines, which were developed in response to NUREG-0660 Item I.C.1.

The guideline for steam line breaks includes modified HPI termination criteria,
to account for vessel integrity considerations, as described in the following:
The HPI termination criteria require a level in the steam generator, a level
in the pressurizer, adequate subcooling margin, and a minimum pressure. For

vessel integrity considerations, the minimum pressure for HPI termination has
been lowered in the steam line break guideline from 2000 psig to 700 psig when
primary loop temperature is below 350 F.

A letter from S. Varga to the three Westinghouse licensees dated March 16,
1982 requested evaluations regarding the need and effectiveness of upgrading
current procedures, and requesting a formal commitment to upgrade operator
understanding of PTS. Responses from Carolina Power and Light (H. B. Robinson),
Florida Power and Light (Turkey Point 4) and Southern California Edison
(San Onofre 1) dated May 4, 1982, May 3, 1982, and May 20, 1982, respectively,
were received.
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C.I.1.1 H. 8. Robinson

C.1.1.1.1 Present Procedures

H. B. Robinson's emergency operating procedures were based on the Westinghouse.

guidelines developed in response to NUREG-0660 Item I.C.I. They_ include the

modified HPI termination criteria for steam line breaks. CP&L stated in their
'

150-day response that they believe procedures governing operator action and
programs governing operator training should provide a balanced-approach to
handling transients and accidents. Their heatup and cooldown curves are used

; to define acceptable operation to prevent PTS events. An additional training
program on the recent PTS concerns was completed March 31, 1982. H. B.
Robinson continues to tie their efforts into the Westinghouse procedures
development effort. Modifications to the Robinson procedures are being made,
as outlined in Section C.1.1.1.3.

C.1.1.1.2 Present Operator Training

As stated in the previous section, H. B. Robinson believes in a balanced
approach to operator training. As described in their 150-day response, CP&Li

:

has committed to assuring that each of their operators has a complete under-
standing of the PTS issue. CP&L stated in a June 25, 1982 letter that operator
training has been upgraded as outlined in the staff audit report.

C.1.1.1.3 Plant Audit

On April 5-7, 1982, the procedures and training related to PTS were audited at
: the site. The report of this audit is available separately. Some specific

j changes were recommended to the operating procedures to lower the required
minimum pressure for HPI termination and to provide explicit instruction for
pressure control during cooldown. More specific training was recommended, to

; include instruction on previous overcooling events, walk-throughs of procedures
as a shift team, and CP&L evaluation of the shift's ability to cope with a PTS
event. In a letter from E. Eury to T. Novak dated May 4,1982, Cp&L committed
to address the staff's concerns, and identified other procedure modifications

|
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required as the result of Westinghouse's review of the guidelines on which the
procedures are based.

C.1.1.2 Turkey Point 3

C.1.1.2.1 Present Procedures

Turkey Point Units 3 and 4 emergency operating procedures were developed based
on the Westinghouse guidelines developed in response to NUREG-0660 Item I.C.1.
As stated in the FP&L 150-day response, they include the modified HPI termina-
tion criteria for steam line breaks, and specific direction to terminate HPI
when termination criteria are met. Operating pressure-temperature limit
curves are included for use in operations. Emergency operating procedures

provide instructions to (1) minimize RCS cooldown rate, and (2) prevent repres-
surization following overcooling. In a letter from R. Uhrig to S. Varga dated
May 3, 1982, FP&L committed to modify their procedures based on the information
provided in the staff's H. B. Robinson audit report.

Additionally, FP&L stated that other NRC concerns with existing procedures
will be resolved in the guidelines (and subsequent procedures) developed in
response to NUREG-0737 Item I.C.I. These procedures are to resolve NRC

concerns both from a technical and human factors standpoint.

C.1.1.2.2. Present Operator Training

As stated in the FP&L 150-day response, pressure-temperature limit curves are
presented and discussed in the Licensed Operator Training Program. Simulator
training includes handling overcooling transients. In a letter from R. Uhrig
to S. Varga dated May 3, 1982, FP&L stated they will be augmenting operator
training based on the findings in the staff's H. B. Robinson audit report.

C.1.1.2.3 Plant Audit
.

On July 13-15, 1982, the procedures and training related to PTS were audited
at the site. The report of this audit is available sep1rately.
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C.1.1.3 San Onofre 1

C.1.1.3.1 Present Procedures

San Onofre l's emergency operating procedures were developed based on the
Westinghouse guidelines developed in response to NUREG-0660 Item I.C.1. As-

stated in the SCE 60-day response, they include modified HPI termination
criteria -for steam line breaks, but do not provide specific direction to
terminate HPI when termination criteria are met. In a recent procedure modi-
fication made for the Systematic Evaluation Program evaluation of steam line
breaks, the operators are specifically directed to terminate HPI. Information

j obtained from the staff's H. B. Robinson audit report is also incorporated
into the recently revised procedures.

4

C.1.1.3.2 Present Operator Training

As stated in their 150-day response, SCE provided' formal operator training for
PTS during the operator requalification training program conducted in February.

1982. Recent format changes to procedures, modified HPI termination pressures,
and upgraded knowledge of steam generator tube ruptures have recently been-
incorporated into the San Onofre 1 emergency operating procedures. These
procedures changes will require additional training of the San Onofre 1
operators, to be conducted prior to startup from their current outage.

C.1.1.3.3 Plant Audit -

,

An onsite audit was conducted of the San Onofre Unit 1 procedures and training'

for PTS June 2-4, 1982. Preliminary findings from the audit indicate that the
procedures are based on plant-specific analyses of transients and that the
operations personnel were familiar with PTS even though their training was not
completed at the time of the audit. The findings indicate that the remainder
of the training program should include instruction on post-cooldown actions.
Findings on the San Onofre I procedures are included in the audit report. The
procedures were generally found adequate for PTS considerations, and were
based on Westinghouse analysis. The findings indicate that a method for
plotting cooldown rate shoul be provided to the operators.
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C.1.2 Combustion Engineering Plants

The utilities of the three Combustion Engineering (CE) designed plants being
evaluated for PTS provided a description of the procedural actions for dealing
with HPI termination, and control of feedwater.

These steps were provided in the 60-day response to D. G. Eisenhut's December 18,
1981 letter to the three utilities with CE-designed plar.ts. Additional proce-
dures information was provided at the same time the 150-day responses to the
August 21, 1981 letter were provided. At a March 1982 meeting in Bethesda,
Md., licensee representatives of CE plants presented to the NRC staff an
evaluation of the mitigative actions in the specific plant procedures. A
letter from R. Clark to A. Lundvall, Jr., dated March 18, 1982, requested
additional information regarding the basis and sensitivity of operator action
assumed in the analyses performed for the 150-day responses. Responses from

Omaha public Power District (Fort Calhoun), Baltimore Gas and Electric (Calvert
Cliffs) and Maine Yankee Atomic Power Company (Maine Yankee) were received by

letters dated April 30, 1982, May 4, 1982, and May 11, 1982, respectively.

C.I.2.1 Fort Calhoun

C.1.2.1.1 Present Procedures

Fort Calhoun's emergency operating procedures cover design-basis events to
cover the requirements for "10 CFR Part 50 Appendix B, Quality Assurance
Criteria for Nuclear Power Plants and Fuel Reprocessing Plants." In OPPD's
60-day response, a detailed list of procedural actions was provided, including
explanations of their applicability to PTS. In their 150-day response, OPPD
stated that based on their own evaluation of their procedures, and on the
analysis performed for the PTS issue, changes to the Fort Calhoun procedures
should be made. These changes included the need to provide specific criteria
for HPI and charging termination, and improved cautions to assure operator
compliance with cooldown curves. These changes, and ar/ other additional
modifications based on the plant's analysis, were to be completed by June 1,
1982. These changes were included in the audit of the Fort Calhoun procedures
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and training. Fort Calhoun's procedures also require HPI operation for at
leat 20 minutes, based on previous NRC requirements.

C.I.2.1.2 Present Operator Training

As described in OPPD's 60-day response, the operator training program is part
of a two phase effort by 0 PPD to address PTS. The first phase is performing
analysis for PTS. The second phase is determining modifications, if any, that
may be necessary, including procedure changes. Retraining of operators is to
be conducted on the procedure revisions. Instruction on the PTS issue have
been conducted for the operators and for all levels of OPPD's management.

C.1.2.1.3 Plant Audit

An onsite audit was conducted at Fort Calhoun to determine the level of
operator understanding of present PTS concerns. This audit was conducted
June 7, 1982. Preliminary findings from the audit indicate that the proce-
dures were generally adequate for PTS, and are based on a plant-specific
analysis performed by CE. The operators were generally knowledgeable of the
PTS issue. Recommendations from the audit team included the upgrading of
pressure-temperature curves, and the consolidation of NDT, saturation and
subcooling curves onto one plot for more effective utilization of the curves
by the operators.

C.1.2.2 Calvert Cliffs

C.1.2.2.1 Present Procedures

Development of Calvert Cliffs procedures is part of a two phase program to
address PTS. The first phase is the development of analyses for PTS. The
second phase involves changing its plant operating procedures, if necessary.

.In BG&E's 60-day response to D. G. Eisenhut's August 21, 1981 request for
information, specific procedural actions were provided, related to operation
and termination of HPI and charging flow, and control of feedwater. An evalu-
ation of the Calvert Cliffs procedures has been conducted by plant personnel,
who feel that the procedures adequately address PTS, considering the risk
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involved. BG&E considers an integrated, analyzed approach to plant operations,
of which PTS is ~one concern, to be the only reasonable approach to responsible
plant operations. As stated in a letter dated May 4,1982, from R. Bryant to
D. Eisenhut, BG&E agrees with the staff that vessel integrity concerns should
be properly addressed. Changes to Calvert Cliffs procedures have been made to
remind the operators to observe the vessel integrity-related pressure tempera-
ture limits. BG&E stated that they will continue to be involved in the CE
Owners' Group efforts for emergency operating procedures upgrades for NUREG-0737
Item I.C.I.

C.1.2.2.2 Present Operator Training

As described in BG&E's 60-day response, operator training will be conducted on
any operating changes resulting from the plant's analysis. Operator training
based on the changes identified was to have been completed by June 30, 1982.

C.1.2.2.3 Plant Audit

An onsite audit was conducted of the Calvert Cliffs procedures and training
for PTS on July 6-8, 1982. The following changes to the Calvert Cliffs proce-
dures were recommended: (1) provide clearer instructions for prefer' red methods
of accident mitigation, (2) predetermine priorities of mitigative actions, and
(3) upgrade procedure cross-references. Recommendations for training improve- .

ments included the need for additional training on accident mitigation methods,
to include pressure-temperature control in various abnormal conditions (e.g.,
with and without vessel upper-head bubbles, and with and without forced

circulation).

C.1.2.3 Maine Yankee

C.1.2.3.1 Present Procedures

Maine Yankee Atomic Power Company (MYAPC) provided a summary of their operator

actions in their 60-day response to D. G. Eisenhut's August 21, 1981 letter to
the eight plants being evaluated for PTS. These actions include criteria for
HPI and charging termination and feedwater operation. The report further
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stated that a maximum subcooling limit was already in the plant's procedures.
The subcooling limit is 200 F, and was based on pressurizer overstress concerns.

C.I.2.3.2 Present Operator Training

The training program described in the 60-day response included a discussion of

operator training in emergency operating procedures, especially their training
for maintaining 50 F subcooling. A more detailed training outline was provided
in the 150-day response, and included technical as well as operational infor-
mation. A schedule, as included in the 150-day response, showed that training

- for operating crews was to have been completed by June 1982, and that R0 and SRO-
trainees would receive training in this area.

C.1.2.3.3 Plant Audit

A review of Maine Yankee's procedures and training for PTS was conducted on
May 25-27, 1982. The review team found the plant operations personnel and
STAS adequately knowledgeable of the PTS issue, and the procedures provided
adequate guidance for preventing PTS. One significant operating philosophy
already in place at Maine Yankee is the throttling of HPI flow to maintain as
close to 50 F subcooling as possible during potential cooldown events. It was
noted by the review team that no written exam was conducted af ter the lectures
on PTS. Rather, a seminar method was used to determine the level of compre-
hension. Questions regarding PTS have been included in the written

requalification examinations. The review team concluded that the operators
were sufficiently knowledgeable of PTS. No changes to the operating procedures
or training program were recommended to meet the objectives of the audit.

C.I.3 Babcock & Wilcox Plants

Oconee Unit 1 is the B&W-designed plant being evaluated for PTS. All analyses
performed by B&W are specific to the Oconee plant.
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C.I.3.1 Oconee

C.1.3.1.1 Present Procedures

Oconee l's current emergency operating procedures cover design-basis events to
cover the requirements of 10 CFR Part 50 Appendix B and were developed based
on design analysis. In the Duke Power Company 60-day response to D. G.

Eisenhut's August 21, 1981 letter to the eight' licensees whose plants were
being evaluated for PTS, a discussion of the procedural actions related to PTS
were provided. The actions discussed included feedwater operation, HPI opera-
tion, and instrumentation. Also included was a graph of pressure vs.
temperature, with allowable operating regions indicated for conditions with
and without reactor coolant pumps running. In the graph's notes, the operators
are instructed to maintain a 50 F to 100 F subcooling band with RCPs off.
Duke Power Company stated in their 150-day response that based on the analysis
presented in their letter, no major changes in existing plant procedures were
considered necessary. The letter also stated that when implemented, the
Abnormal Transient Operating Guidelines will include appropriate operator
instructions for mitigation of overcooling transients.

C.1.3.1.2 Present Operator Training

As stated in Duke Power Comp ,y's 60-day response the Oconee operators receive
instruction on HPI termination and feedwater control during requalification
training. Training on plant response and emergency procedures is also conducted
on the B&W simulator. The 150-day response further stated that Duke Power
recognizes the importance of ensuring operators have sufficient training and
the procedures are adequate to prevent the occurrence of severe thermal shock
events. Additional training to augment operator understanding of PTS is to be
conducted, but Duke considers the current knowledge of it, place plant procedures
to be acceptable for the short term. Duke also stated that their operators
have been made aware of the PTS concern, although no formal training has been
conducted.

4
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C.1.3.1.3 Plant Audit

A review of Oconee's procedures and training for PTS was conducted May 11-13,
1982. The site visit report is attached to this evaluation. In general, the
review team found the operators adequately knowledgeable of the PTS issue,
except that knowledge of past PTS events at other facilities was weak. The
procedures provided mitigative actions to prevent PTS, but needed to be
strengthened to provide actions if an unacceptable pressure-temperature condi-
tion was reached. The audit team felt that a means should be provided for
plotting cooldown rate and subcooling margin with the plant computer out of
operation.

C.2.0 Conclusions

Technical guidelines for Emergency Operating Procedures (EOPs) are being
developed generically by the NSSS vendor owners' groups in response to TMI
Action Plan Item I.C.1, "Short-Term Accident Analysis and Procedures Revision."
These guidelines and their supporting analyses will address the actions required
for mitigating a wide range of accidents and transients including multiple
failures and operator errors. These guidelines will include the operator
actions necessary to prevent or mitigate pressurized thermal shock. Incorpora-
tion of PTS concerns in the guidelines is beneficial and more effective than
current procedures in that the analyses supporting the guidelines will verify
that the mitigating actions for PTS do not result in inadequate core cooling
or other problems. The Westinghouse Owners' Group has reviewed its existing
Emergency Procedures Guidelines and is considering the PTS issue in developing
the remainder of these guidelines. This effort was completed in July 1982.
The B&W Owners' Group has incorporated desired operating regions in the
Anticipated Transient Operating Guidelines (ATOG) for Oconee, which take PTS
concerns into account. The B&W approach is considered acceptable until the
long-tern. PTS program has been implemented. The CE Owners' Group has submitted

draft Emergency Procedure Guidelines which provide a desired operating range
for pressure and temperature. The CE guidelines are presently being reviewed
by the staff. Another CE Owners' Group activitiy deals with verifying the
" correctness" of the actions specified in the guidelines with respect to the
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PTS issue. The revision of the guidelines to be submitted in August 1982 will
include the results of this activity.

The NRC staff recognizes that the owners' groups' efforts on the emergency
procedure guidelines would not be completed until Summer 1982 and staff review
will not be completed until Fall 1982. The staff considers this schedule
acceptable considering the low probability of occurrence of PTS events, the-
past operating history of PTS precursor events, and upgrades in instrumentation
reliability resulting from the Rancho Seco and Crystal River events. Never-
theless, the staff has undertaken a program to audit the procedures and training

~

covering pressurized thermal shock at the following plants: H. B. Robinson,
Oconee 1, San Onofre 1, Maine Yankee, Fort Calhoun,. Turkey Point 3, and Calvert
Cliffs 1. The purpose of these audits is to assess the adequacy of current
procedural steps and operator training necessary to mitigate PTS events, and
to determine if corrective actions are required before the longer term PTS
program provides acceptance criteria and generir resolution of the issue. The
findings of the audits that have been ccmpleted at this time and the resulting
plant-specific recommendations are discussed in this section. Audits of the
remaining plants were completed by July 31, 1982. Additional plant-specific
recommendations or generic recommendations may result from these audits.

,

Based on the audits conducted to date, the staff concludes that industry
operators are generally knowledgeable of the PTS issue, and of the mitigative
actions for PTS included in their procedures. Further, the procedures. reviewed,
with some specific exceptions delineated in the reports, provide a scheme for
mitigation of PTS events. The procedures are usable for PTS, and can be
understood by the operators.

C.2.1 Procedures

The seven plants currently being evaluated for PTS have reviewed their current
emergency operating procedures for instructions relevant to the PTS issue.

H. B. Robinson's procedures, based on generic Westinghouse guidelines, included
in its HPI termination criteria a minimum required pressure of 2000 psig, with
HPI shut-off head at approximately 1500 psig. This could have resulted in
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extended HPI operation when not desired. Based on an NRC audit and the

licensee's evaluation, H. B. Robinson has lowered the minimum pressure for HPI
termination to 1560 psig, changed the temperature monitoring for operation
from the RCS hot leg to the RCS cold leg, strengthened the emphasis on ter'ni-
nating HPI when its termination criteria are met, and provided more detailed
instructions on RCS pressure and temperature control. The staff finds the
H. B. Robinson procedural guidance adequate for the immediate PTS concern.

Turkey Point 3 procedures, based on generic Westinghouse guidelines, contain
specific direction for HPI termination when the criteria are met. Personnel

at Turkey Point 3 have revieweu the staff's H. B. Robinson audit report, and
made changes to Turkey Point's procedures based on the findings from the
staff's H. B. Robinson audit report. Based on these commitments the staff
finds the Turkey Point Unit 3 procedural guidance adequate for the immediate
PTS concern. Further verification was conducted during the onsite audit.

San Onofre Unit 1 procedures, based en generic Westinghouse guidelines and
modified for the SEP evaluation, contain directive actions for termination of

HPI and the information learned from the H. B. Robinson evaluation. The staff
finds the San Onofre 1 procedural guidance adequate for the immediate PTS
concern. Findings from the onsite audit are included in the audit report.

Fort Calhoun procedures provide some specific guidance to the operators for
operation of HPI, charging, and feedwater. Omaha Public Power District. (OPPD)
has identified changes necessary to provide criteria for HPI termination to
reflect the PTS concern, and improved precautions to assure operator compliance
with cooldown-based pressure-temperature curves. The staff concurs with the
need for these changes. A reevaluation of the requirement for running HPI for
at least 20 minutes after initiation should be made by 0 PPD and the staff. We
s'.rongly recomn end removing any minimum running time requirements for HPI. A
are detailed evaluation of Fort Calhoun procedures was conducted durng the
onsite audit.

Calvert Cliffs procedures provide some specific guidance to the operators for
operation of HPI and feedwater. Cautions and a Technical Specification are
intended to provide assurance that HPI or feedwater will be terminated prior
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to vessel challenge. The instructions, by themselves, do not provide the
specific guidance the staff feels is necessary. They should include a direc-
tive action step for control of HPI. A determination was made during the
plant audit that some procedures modifications are necessary for the operators
to effectively deal with PTS.

Maine Yankee's procedures provide some specific guidance to the operators for
operation of HPI, charging and feedwater, including a subcooling band (50 F
minimum, 200 F maximum). Maine Yankee has requested, in their discussions,
that the staff reevaluate its position on requirinq HPI flow for a minimum of
20 minutes, and on requiring immediate RCP trip after a safety injection. We
concur that this needs to be done before PTS can be completely addressed in
any plant's procedure. The staff finds the Maine Yankee procedural guidance
adequate for the immediate PTS concern.

.

Oconee Unit l's procedures provide some specific guidance to the operators for
operation of HPI and feedwater. When below 500 F, the operators are instructed
to maintain a subcooling band (50 F minimum,100 F maximum). The operator is
specifically directed to throttle HPI when 50 F subcooling is reached. The
staff finds the Ocoree procedural guidance adequate for the immediate PTS
concern.

C.2.2 Training

The seven plants current;y being evaluated for PTS have all stated that they
are augmenting their operator training for PTS. The staff conclusions regarding
individual plants are included in each audit report.

C.2.2.1 Improvements in Emergency Operating Procedures

Westinghouse performed an evaluation of procedural actions for PTS by reviewing,
step by step, guidelines that have a realistic technical basis. In reviewing

'the technical basis for each step, a determination could be made of its appli-
cability to the PTS concern. This program shows the importance and viability
of an integrated approach to accident mitigation, where new technical problems
can be evaluated in a manner that includes incorporation of concerns of other
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technical issues. Combustion Engineering and Babcock & Wilcox have done a
,

significant amount of work on developing their own approach to generic i

guidelines. All three owners'. groups are developing guidelines to be function-
oriented, in accordance with NUREG-0737, Item I.C.I. This approach to accident"

mitigation will provide a means to significantly reduce operator error by
providing mitigative actions that are not dependent on d:agnosis of specific
transients or accidents. This approach will increase the accuracy of operator

.

f response by reducing complex diagnostic problems to a prioritized, simplified,
function-level response that will be used even if an event is incorrectly

i diagnosed.

The staff concurs, and strongly encourages, the approach stated by the seven
! plants being evaluated to ensure that the guidelines and subsequent plant ,

procedures developed in accordance with NUREG-0737 Item I.C.1 address PTS, as
1

well as coordinate the PTS actions with actions to mitigate other serious
transients or accidents. We believe this is the best method to provide an

'

integrated set of emergency operating procedures to deal with a wide range of
transients and accidents, and will provide the analytic base for evaluation of
future technical problems.

In reviewing industry responses to comply with NUREG-0737 Item I.C.1, the!

staff will review the techniccl guidelines for emergency operating
procedures (EOPs) and will review a description Hof how E0Ps are developed from
the guidelines for each operating plant. This will provide assurance that
procedures at each plant will be based on analysis of PTS and other events.
This review will be performed for all operating reactors and operating license
applicants.

.

C.3.0 Recommendations

(1) The staff should complete the audits of the remaining plants currently
being evaluated for PTS, using the following review criteria:

(a) Procedures should not instruct operators to take actions that would
violate NDT limits.

,
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(b) Procedures should provide guidance on recovering from transient or
accident conditions without violating NDT or saturation limits.

.

(c) Procedures should provide guidance on recovering from PTS conditions.

i (d) PTS procedural guidance should have a supporting technical basis.

(e) High pressure injection and charging system operating instructions
should reflect consideration for PTS.

1

(f) Feedwater and/or auxiliary feedwater operating instructions should
: reflect PTS concerns.

(g) An NDT curve and saturation curve should be provided in the control
room. (Appendix G limits for cooldowns not exceeding 100 F/hr.).

} (h) Training should include specific instruction on NDT vessel limits
'

for NORMAL modes of operation.
',

(1) Training should include specific instruction on NDT vessel limits4

for transients and accidents.

(j) Training should emphasize those events known to require operator
response to mitigate PTS.

(k) Training should include simulator operation in responding to PTS
transients including recovery from PTS conditions, and control room

! walk-throughs of PTS events.

These audits were conducted in July 1982. Reports on the results of the
audits are available separately.

(2) If any other plants are determined to be of immediate concern for PTS,
the staff recommends requiring those licensees to conduct an audit of
their own procedures and training for PTS, using more specific criter's
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1

developed from that stated in item 1, which will include a method for
ensuring a balance of technical concerns.

The persons conducting the audit should collectively have expertise in
plant operations, systems, training, procedures development, and fracture
mechanics.

This item should be completed promptly as plants of immediate concern are
identified.

(3) The NRC staff should ensure that actions to mitigate PTS are included in
the guidelines being developed for NUREG-0737 Item I.C.1. (See
Section 8.2.4 for a discussion of the guidelines' status.) Included in

q their review of the analyses upon which the guid lines.are based, the NRC
j staff should ensure that PTS concerns have been adequately analyzed, and
j a balance of considerations is included in the actions specified in the

guidelines,
i

This item should be completed (including staff review) within 2 years.

j (4) Licensees should verify that guidelines discussed in item 3 address the
following concerns:

(a) Instructions should include allowance for system response delay
times (e.g., loop transport time, thermal transport time).

(b) The need for cooldown rate limits for periods shorter than one hour
should be evaluated.

J

(c) Methods for controlling cooldown rates should be provided.

(d) Guidance should be provided for the operator if cooldown rates or
brittle fracture limits are exc( 'ded.

3

(e) The desired regica of operation (e.g., subcooling band) i the
pressure-temperature curve should b evaluated to determine if it
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a

can be revised to maximize the operator's ability to prevent brittle
' fracture.

(f) Instructions for controlling pressure following depressurization
transients should be provided.

4

This item should be completed in the same time frame stated in item 3.

j (5) The staff recommends that the initial training on the procedures developed
from the guidelines discussed in recommendation 3 above include a specific

.

section on the technical concerns of PTS, and the specific manner in
which the procedures provide the mitigative actions. This training
should be integrated into each plant's overall training program.

(6) The staff recommends that training progran.s for periodic operator
requalification include the recommendations of item 5 above.

This item should be implemented at the first requalification training.

cycle following implementation of the upgraded procedures.

(7) Additional recommendations may result from the audits conducted for 1
above.

1

1

.

'

The staff feels that these recommendations are the most balanced approach to
ensure the adequacy of operator response to PTS events. This is accomplished
by determining the adequacy of operator understanding at the plants of most
concern, then providing for all plants the best available means to ensure the
proce.dures used for plant operation cover a wide range of transients and
accidents, while covering a wide variety of multiple failures.

.

;

i.
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APPENDIX 0

REACTOR VESSEL FRACTURE MECHANICS ANALYSIS

The vessel integrity analyses, the results of which are reported in this
document, include a determination of the temperature distribution across the
vessel wall versus time, the thermal stresses as a consequence of this tempera-
ture distribution, as well as fracture mechanics results. The analyses were

performed either by the NRC staff using its in-house program or by ORNL using
the OCA program. These programs are described in the following sections.
Illustrations of typical temperature, stress and stress intensity factor
distributions across the vessel wall at a certain time in the transient are
shown in Figures D-1 (a), (b) and (c) respectively. It should be noted in
Figure D-1 (c) that the stress intensity factor, K , for long axial cracks is

y

higher than for long circumferential cracks, especially for cracks that extend
relatively deep into the vessel wall. K is due to contributions from thermaly

stresses, pressure stress and other stresses that may be present. Superposed

in Figure D-1 (c) are KIc, the vessel toughness that determines crack initia-
tion, and K ,, the toughness at crack arrest. When K exceeds KIc, cracky y

1initiation is expected (for axial cracks having depths between points C and C
in the diagram), if warm prestressing is not effective (warm prestressing is
discussed in D.3). The crack would then grow to a depth where K intercepts

y

the arrest curve, Kla (point A in the diagram). Similar results would occur
for a circumferentially orientated crack except that arrest will generally
occur at the shallower depths.

Equivalent calculations are made at other times into the transient and the
results cross plotted on a critical crack depth diagram as shown on
Figure D-2 (b). Also shown in Figure 0-2 (b) is the depth at which the upper
shelf toughness of the metal is reached (nominally 200 ksi 5 ). If the

arrest point falls above the upper shelf, arrest is assumed not to occur.

Figure D-2 (a) illustrates the trend of K for a particular crack depth versusy

time for a hypothetical PTS transient. If pressure remains constant or
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decreases with time, K will increase to a maximum and then decrease as the
g

thermal stresses die out. The time at which K reaches its maximum determinesy

the time of warm prestressing (WPS). When the entire initiation curve falls
to the right of the WPS time as shwon in Figure D-2 (b), crack initiation is
not expected to occur; however, care must be exercised in reaching this judg-
ment because of analytical and material uncertainties. The dotted line in
Figure D-2 (b) indicates that crack initiation might occur because of uncer-
tainties and might reinitiate later in time because of an increase in K at

g

that time. If this were to occur, arrest is not expected because then the
arrest curve is above the upper shelf toughness.

D.1 NRC Analytical Procedures

The NRC procedure to evaluate the effect of cooldown transients and postulated
accident scenarios on the. integrity of reactor vessels was developed in 1978
and subsequently updated to include technological data as it becomes available.
It is designed primarily for investigations of thermal shock to the beltline
region of vessels with a vessel radius to wall thickness ratio of about ten.

Heat transfer algorithms are based on classical closed form solutions which
provide temperature distributions across a vessel wall versus time into a
cooldown transient. These temperature profiles are used to calculate thermal
stresses versus time and depth into the wall. The calculation of fracture
mechanics stress intensity factors is based on the linear-elastic boundary
integral equations method for cylinders and the superposition of stresses due
to all causes particularly those due to temperature differences, pressu e and
residual stresses in welds. Although certain simplifying assumptions at+ _., e d
in the procedure, its results have been compared with those from more
sophisticated analyses and found to be in good agreement.

D .1.1. Assumptions

Geometry

For heat transfer and thermal stress analyses, slab geometry is assumed. For

typical reactor vessels with a vessel radius to wall thickness ratio of ten or

more, the error introduced by this assumption is negligible compared to other
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uncertainties inherent in the analyses. This assumption permits a more simple
calculational procedure that is adaptable to programmable calculators or
computers. Cylindrical geometry is used, however, in the fracture mechanics
analyses.

Heat Flow

In a cooldown or heatup transient, heat flow is assumed to occur only in the
wall thickness direction. Thus, the procedures are one-dimensional.

Heat Transfer Coefficient

The heat transfer coefficient, h, during a typical transient can vary over a
considerable range depending on the hydraulic and thermal conditions. Its

magnitude may even be difficult to determine versus time as the transient
progresses because of hydraulic and other uncertainties. However, for values
of heat transfer coefficients in the range of interest for most thermal
transients (approximately 300 Btu /hr ft2 oF), short perturbations to higher
values do not cause significant increases in thermal stresses. Therefore, for
typical transients of interest, metal temperature and stress distributions are
obtained by utilizing a constant heat transfer coefficient. The value used is
conservatively selected on the basis of experience and judgment. For maximum

conservatism, a value of infinity can be used. The heat transfer coefficient
is also assumed to be the same at all water cooled portions of the vessel
wall.

Temperature Dependence of Metal Properties

The physical properties of materials are temperatere dependent. When thermal
transients result in a significant temperature range and difference through
the vessel wall, accurate results require consideration of this phenomenon.
Data for materials of interest are taken from recent ASME publications.
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Analytical Model

Prior to the thermal transient, the water temperature is assumed to have
remained constant for a sufficiently long time so that the vessel wall tempera-
ture is at a uniform temperature equal to the water temperature. Prior to and
during the transient, heat flow at the outer insulated surface of the vessel
is assumed to be zero and the vessel cooled or heated only at the inner surface
with no sources of heat within the metal. For typical transients of interest,

these assumptions introduce minimum uncertainties in the end results.

Finite Number of Series Terms

Solutions for metal temperature distributions at various times during a
transient are in the form of an infinite series. Because of obvious practical
considerations, it is necessary to truncate the series to a finite number of
terms. The error introduced by limiting the number of series terms is signifi-
cant only at or very shortly after the start of the transient (time = zero)

where an infinite number of terms is required to obtain correct temperatures.
Shortly thereafter, however, higher terms in the series decay rapidly to
insignificant values. Because, for tranlients of interest, the maximum thermal
stresses generally occur relatively la.e in the transient, little or no error

is introduced by utilizing a finite number of terms. Six series terms are
used for deterministic analyses; however, the last two terms contribute very
little. Therefore, for probabilistic analyses only four terms are used.

Effect of Cladding

Because the material and physical properties of the stainless steel cladding
differ from those of the carbon steel wall, the cladding effect must be

accounted for in reactor vessel integrity analyses. The presence of cladding

affects the heat transfer and stress calculations as well as the fracture
~

mechanics analyses. The heat transfer coefficient is readily adjusted to
account for the higher thermal resistance of the stainless steel clad
(Figure D-3). The stress effect of the clad, however, depends on the stress
relief and operational history of the vessel. Once this is established, this

effect is accommodated by superposition of cladding induced stresses with
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those from other causes including those due to temperature variations across
the wall of the vessel (Figure D-4). Fracture mechanics effects of cladding
depend on the assumed shape and location of postulated cracks. Procedures for
treating long through-clad cracks are used. The treatment of elliptical
cracks needs further development. In general, thermal stresses and stress
intensity factors for long through-clad cracks are calculated assuming only
the thermal resistance of the clad, calculating the stresses and stress
intensity factors assuming a constant metal temperature and superposing the
results. Thus, the effect of cladding is accounted for in the heat transfer,
thermal stress and fracture mechanics analyses when long through-clad cracks
are assumed.

The NRC model for determining the clad effect for~ postulated long through-clad
cracks is as follows:

Assume that the clad is stress-free at reactor operating temperature. As-

the vessel wall cools down, tensile stresses in the cladding and lesser
compressive stresses in the base metal develop and reach a clad stress of
about 30 ksi at room temperature.

The average clad temperature is assumed to be the cooled surface-

temperature during a transient; however, to determine the incremental
effect due to the clad, the entire wall temperature is assumed to be
constant (the effect of the actual temperature variation across the wall
during a transient is superposed later). The lower thermal conductivity
of the cladding is included in the determination of the surface temperature
by a reduction in the heat transfer coefficient.

Knowing the clad incremental stress, the stress intensity incremental-

effect due to the clad is then calculated via the influence function
technique described bric#1y in Section D.1.4.

The results af an example calculation of the clad effect on the stress

intensity factor as determined independently by the staff and ORNL are shown
in Figure D-5.
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0.1. 2 Stress Algorithms

The total peak stresses (thermal plus pressure plus residual plus any other
stresses) are assumed to be less than, or at least not significantly larger
than, the material yield strength so that components of stress can be added
and that linear-elastic fracture mechanics procedures can be utilized. For

rapid thermal transients, high stresses usually occur locally at the inner
vessel wall and acceptable stress distributions (total stress below yield)
over the remaining section can still be obtained if the overstressed region is
relatively thin.

D.1.3 Postulated Initial Cracks

Long through-clad cracks, either axial or circumferential, are assumed to
exist in the welds of limiting (highest) RT In this case, the cladding

NDT.
effect is conservatively applied in that the stresses due to the different

expansion coefficients of the clad and base metal are added to the nominal
thermal stresses. For short through-clad cracks or underclad cracks it is
conceivable that the cladding can have a beneficial effect if the cladding is
sufficiently tough, that is, it is less affected by irradiation damage than
the base material. In this case, it could deter crack elongation or could
even prevent crack initiation depending on the specific transient. At present,
there are differences of opinion as to clad _ toughness after irradiation, and
further research is needed as to the behavior of short or underclad cracks in
an overcooling event. Also, analyses to date omit consideration of weld
residual stresses and in the case of circumferential cracks, the effect of
dead weight stresses. Therefore, the NRC concitdes that the more conservative

assumption of long through-clad cracks should be used at least for scoping
calculations, until further information is developed to permit a relaxation of
this assumption.

D 1.4 Fracture Mechanics Algorithms

Fracture mechanics analyses utilize the linear-elastic boundary integral
methods of Heliot, Labbens and Pellissier-Tanon (References D.1 and D.2).
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At each time step, the thermal and other stresses are expressed as polynomial
functions of the relative depth into the wall of the vessel:

4

o(f,t)=,I a)(f)3
J:o

where o 's are constants determined by curve fitting. The stress intensityj
factor for this stress distribution is then;

4

oj(f)IKg=JHa I 1
3j=o

In the NRC procedure, the i)'s are expressed as polynomial functions of the
relative crack depth. Different expressions for the 1 's are used for different

3
crack geometries and directions.

The stress distribution due just to the cladding, however, cannot be expressed
by a polynomial equation without resorting to a large number of terms. For

this application, the staff used the basic equations in the references and
adapted them to obtain an expression for long axial cracks in a cylinder
(expressions for other crack geometries and directions need further development):

n n

Ky = 5 (yb){(i -f)of o(m) dta - (i - 1) f sin m o(m)dalg g
o

where:

sin m = X , o 5 X { a
a

and i is the influence function for a uniform stress.n

D.2 ORNL Analytical Procedures, OCA-I, OCA-II

In addition to performing its own PTS analyses, the NRC stafi also utilized
the services of ORNL. The ORNL analytical code differs from that of the NRC,
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yet compatible results are obtained. The ORNL program is described in
Reference 0.3 from which some of the following is taken.

The OCA-I code is a computer program that performs a two-dimensional
linear-elastic fracture mechanics analysis for long axial inner-surface flaws
in a cylinder subjected to time-dependent thermal and pressure loadings. Six
basic calculations are performed: (1) a one-dimensional thermal analysis to
obtain temperature distributions through the wall of the cylinder as a function
of time; (2) stress analysis, neglecting presence of flaw, using thermal and
pressure loadings; (3) calculation of stress instensity factor (K ) as a

y

function of flaw depth and time; (4) calculation of static initiation and

arrest toughness values (K and K ,) at tip of flaw as a function of flawIc y

depth and time; (5) calculation of K /K and K /K , as a function of flawg Ic g g
depth and time; and (6) construction of the critical-crack-depth curves, which
indicate the behavior of the flaw at all times during the transient.

Input to the thermal analysis includes the coolant temperature vs. time, the
fluid-film heat transfer coefficient, and the initial temperature of the

cylinder. All necessary material properties, with the exception of the

reference temperature (RTNDTo) and the concentrations of specific impurities
(copper and phosphorous), are included in OCA-I, but different values may be
inputted. The calculation of K and K , considers the temperature andIc g

fast-neutron-fluence distributions through the wall, RT and the copper and
NDT

phosphorous concentrations, which influence the radiation damage effect.

The K calculation is based on a superposition technique that uses they

uncracked-cylinder stresses and a set of unit-load K values (K*) that corre-y

spond to cylinder dimensions typical of a 1000-MW(e) pressurized-water reactor

i pressure vessel (4.37-m ID x 4.80-m 00). The K* values were calculated using

i finite-element techniques and are included in OCA-I.

The development of OCA-I was prompted by a growing interest in the behavior of
surface flaws in reactor pressure vessels during overcooling accidents. The

OCA-I code was designed specifically for these accidents in an effort to
minimize time and expense associated with the analysis. To this end, special
provisions were made for parametric-type analyses. OCA-II, which was used for

|
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later studies, includes plotting refinements plus the incorporation of the
cladding effect in the stress intensity fa: tor.

The OCA-II code (Reference D.4) which was developed by Oak Ridge National
Laboratory utilizes:

(a) the latest NRC calculation method for determining neutron fluence
' attenuation with depth into the vessel wall, which is described in
Section D.4 of this report,

(b) the latest NRC calculation methot for determining shift in RT with
NDT

neutron fluence, which is described in Section D.4 of this report,

(c) a finite element, one-dimensional code with a constant heat transfer
coefficient, h, in thermal analyses,

(d) thermal, pressure and clad stresses and infinitely long axial through-clad
crack in the finite element linear-elastic fracture mechanics (LEFM)
analyses,

(e) any prescribed water temperature during the transient.

The OCA-II code and NRC LEFM analyses performed for this study do not include
plate-to plate weld residual tensile stresses. We believe that OCA-II.and
NRC stress, thermal and fracture mechanics analyses are sufficiently conservative
to permit a parametric study of vessel fracture without including these
stresses.

D.3 Warm PrestressinJ

Although warm prestressing (WPS) can theoretically prevent crack initiation
during a pressurized thermal shock transient, the staff believes that the
fluctuations of pressure and temperature during these transients are possible;
therefore, our scoping calculations did not rely upon WPS to prevent crack
initiation. The NRC staff believes that it would not be prudent for operators
to rely primarily on warm prestressing to assure reactor vessel integrity
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during pressurized thermal shock transients. The staff is aware of and accepts
the theoretical basis for warm prestressing. One explanation for the WPS
effect is:

"During temperature reduction, initiation of crack propaga!. ion from an
arrested crack in the reactor vessel cannot occur while the / value isi

constant or decreasing." (Reference D.5)

Another explanation rests on a physical picture of blunting at the crack tip
and developraent of favorable residual stresses caused by the warm prestress.

The theoretical basis for warm prestressing assumed that K is decreasit<,withy

time in monotonic fashion after it reaches its maximum value. In a real

transient, the pressure component of K may rise ar.d fall in an unpredictable
g

fashion as the system is being brought to a stable condition. Some variation
in the thermal component of K may also occur. Of particular concern to they

staff is that emergency operating procedures at some facilities permit repres-
surization after a thermal transient to as high as 2000 psig. Thus, the

potential benefit effects of WPS may be deliberately defeated.

Experimer.ts have shown that when there is an increase in K after cooldown to
7

a temperature at which K exceeds KIc, there is an ever-increasing probabilityy

of fracture as K increases such that the probability is very nearly one fory

maximum. The probability of fracture decreases to acceptably lowK7=Ky
values for K -KIc g 25 percent of (Kg max. - KIc). (Reference D.6) They

experimental information also shows clearly that the beneficia' effects of
warm prestress are nearly eliminated if K drops to a low value after reachingy

K -maximum and then increases, for example, repressurization late in transient
7

after the vessel has cooled down.

During a typical transient scenario, the reactor coolant temperature and
pressure both decrease initially from their normal operating values. Thereafter,

the trend of both temperature and pressure depends on the nature of the event
and the actions taken by operators and/or automatic systens. Because of the
relatively rapid decrease of the reactor coolant temperature, thermal stresses
are developed in the vessel wall which are superposed on the pressure stresses.
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The net result is an increase of the total stress intensity factor, K versusy

time. The thermal component of K reaches a maximum and then decreases andy

the wall temperature tends toward a uniform value. Typically, the total K
y

also has a maximum during this initial period. Thereafter, the change in K
y

versus time depends on the assumed actions taken by operators and by automatic
systems.

There are, of course, many possible variations in the cooldown scenario that
will produce different degrees of departure from the ideal monotonic decrease
of K after reaching K -maximum. Our knowledge is insufficient to draw theg y

line between acceptable versus unacceptable transients with regard to the
acceptance of warm prestressing, other than to say that we ought not to rely
on it at this time. The exceptions are transients such as certain LOCAs
shere pressure is limited as described below.

Following a severe cooldown transient, the NRC staff believes that facility
operators should limit reactor pressu~e by manual and/or automatic means to
the extent practicable. Preferably, ree: tor pressure should be decreased
monotonically consistent with 50 F subcoo.ing and the pressurizer water level
increased only to its normal operating rang 3. In particular, water-solid

conditions should be avoided especially if the reactor coolant reaches low
temperatures. Repressurization should not be permitted until the transient
has been evaluated, and for severe transients, the vessel should be inspected
to assure its integrity.

Even if these procedures are followed, it still is conceivable that a small
crack may initiate and grow deeper. However, in the absence of pressure, it
will not penetrate the wall. With pressure stresses also present, it is
possible that a crack would create an opening in the vessel, especially when
the wall material has cooled down.

In conclusion, the staff believes that it would not be prudent to rely on warm
prestressing to assure reactor vessel integrity during a pressurized thermal
shock transient. The basis for this position rests on uncertainties regarding
system considerations and on insufficient experimental information to confirm
the benefits of warm prestressing under these circumstances at this time.
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While the odds in favor of warm prestressing being a viable phenomenon to
prevent initiation or reinitiation of a crack during a particular transient
scenario may be relatively high, facility operators should also consider the
relative risk.

For small break LOCAs of sufficient size such that the pressure is limited to
some low value during the critical period of the transient or is monotonically
decreasing because of the inability of the ECC and charging systems to maintain
high values, then conditions are attained where warm prestressing can be
effective and credit can be considered for it.

D.4 Determination and Utilization of Material Toughness

To make the fracture analyses of pressurized thermal shock, it is necessary to
have values for the fracture toughness of the materic.1 at the tip of the
postulated cracks in the reactor vessel wall. Toughness must be known as a

function of time in the transient, and temperature and fluence must be known
as a function of position in the wall.

D.4.1 ASME Code Section XI Curves

The fracture analyses performed by utilities, vendors and the NRC have all
utilized the values of K and K , given in Section XI of the ASME Code andIc y

reproduced in Figure D-6. The toughness values are given as a function of the

temperature, T minus RTNDT, the reference temperature, .ifl-ductility transition.
The quantity, RT is the sum of two quantities; the initial RT and the

NDT NDT

ART caused by irradiation. Appendix E of this report describes the bases
NDT

for estimating initial RT and ART f r the individual plants. Estimates
NDT NDT

are given for the inside surface of the vessel wall (at the clad-base metal
interface) for the critical locations, which are almost always the welds,

either a longitudinal weld or a circumferential weld in the beltline. The

second step is to determine the attenuation of ART through the vessel wall.
NDT
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D.4.2 Attenuation of Fluence and RT through the Vessel Wall
NDT

Some recent changes have been made in the way the attenuation calculations are
made. These are illustrated in Figure D-7. In the past, the attenuation of

fluence has been calculated by an exponential equation fitted to the result 3
of calculations given in surveillance reports, as follows.

*
1, e'' jt =

kfluence at any point, n/cm2 ( ey)f =

f, fluence at inside wall=

distance from inside wall, inchesx =

.

However, changes in the neutron energy spectrum within the wall cause the use
of the above formula to be unconservative. Therefore, the NRC has chosen to
use displacements per atom (dpa) as the damage function, following a repo:t

received from HEDL (Reference D.7). They provided six plots of the ratio,
dpa/ fluence (E , 1 MeV), versus depth in the vessel wall. At 8.0 inches, the
ratio averaged 2.06. To achieve this reduction in the attenuation at
8.0 inches, the equation for fluence attenuation becomes:

f = f, e . 24x
-

Thus, we use a "dpa equivalent" attenuation equation, while retaining the )\'
description of fluence in terms of n/cm2 (g ey),

As illustrated in the lower part of Figure D.7, the combination of the
dpa-equivalent equation for attenuation of fluence and the Guthrie trend curve
formula gives an expression for the attenuation of RT that is much less

NDT
steep than that previously used. We believe thc.t the new expression is
realistic and have incorporated it into the OCA-II code described in
Section D.2.

D.5 Stress / Fracture Mechanics Procedures Summary

The analytical methods used by NRC, ORNL and vendors differ somewhat but yield
essentially the same results if all input assumptions are the same. Differing
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conclusions result primarily from assumptions as to crack shape, clad effects,
effect of warm prestressing, etc.

When materials properties and the transient are known, these procedures can
predict crack behavior quite well as demonstrated by results from the ORNL
thermal shock experiments.

For generic studies, the NRC uses an exponential decay of water temperature to
envelope a variety of transients. The staff has also used the Rancho Seco
event as an analytical model. Our objectives are:

Avoid crack initiation, if possible.

Avoid vessel failure, in any event.

The staff has studied the- PTS issue both deterministically (conservative
assumption) and probabilistically (mean values of parameters) to assess risk
to a vessel.

D.6 Discussion of Results

The NRC has performed both deterministic and probabilistic fracture mechanics
analyses to generate a basis for judgment regarding the cafety margins against
PTS transients especially for the more highly irradiated vessels. Although

recognizing that the transients that c curred at Rancho Seco in 1978 and Ginna
in 1982 are unique, and are very unlikely to happen in the same way again, the
staff concludes that they provide measures of the severity of a PTS event.
The NRC and ORNL have arbitrarily utilized an idealized Rancho Seco pressure-
temperatre transient as a benchmark model for other vessels.

For generic investigations, however, a postulated exponential decay of water
temperature has proved to be more appropriate in that it can be characterized
by two parameters, p (min. 1) which is the reciprocal time constant and T

f

(*F) the final postulated equilibrium temperature. The initial temperature,
To, is the normal operating temperature. Thus, T,= Tf + (T - T ) e [t y-

o f

Information obtained from transients that have actually occurred at nuclear
facilities indicates that the above formulation adequately describes the water
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temperature at least for the initial critical portion of the transient. After
T is approached, operator and/or systems action can, of course, affect the
f

longer term variation of water temperature. Typical values of p have been
found to be in the range of 0.05 to 0.15 min. 1 as a consequence of the physical
limitations of a real facility. Higher values of p of about 0.5 min. 1 or
more have been estimated for hypothetical, low probability design basis
transients. Typica' values of T for the worst cooldown transients to date

f

(including those at JWR facilities) are in the range of 250 to 300*F. The

Rancho Seco event, for instance, resulted in p of about 0.05 min. 1 and a T
f

of about 290'.

For the more likely transients, the times of crack initiation have been
calculated to be 20 to 30 minutes or more after the onset of cooldown, the
actual time varying up to one hour depending on the pressure and RT Thus,

NDT.
operators have time to gain control of the event if properly instructed and
trained.

The OCA II Code was utilized to determine the lowest RT f r crack initiation
NDT

as a function of constant pressure, final water temperature (T ) and the
f

reciprocal time constant (p). From these data, Figures D-8 and D-9 were
plotted which indicate the effect of T , p and pressure on crack initiation.

f

The principal objective of the NRC (and the industry) is to prevent crack
initiation, and for more probable PTS events, this may be possible. However,

for the less likely events such as a postulated small break LOCA, crack initia-
tion is likely in vessels with a relatively high RT For these cases, the

NDT.
objectives must be to prevent any crack from propagating through the wall.
Early in the transient, a pre-existing crack can initiate and propagate to the
order of half the wall thickness or somewhat less, and then arrest because the
metal at this location is still much warmer than at the cooled surface and
because the metal at this depth has experienced less irradiation damage. As
previously mentioned, linear elastic fracture mechanics (LEFM) methods are
used for analysis of PTS transients. Typical values of K at the first cracky

initiation range from 60 to 100 ksi /Iii.

|
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LEFM is not valid for tough materials such as are encountered on or above the
upper shelf. Other techniques are necessary. These techniques have been

developed for analysis of piping flaws and for pressure vessels under pressure
loads only (Task Action Plan A-11). To date, they have not been adequately
developed for treatment of more complex stress patterns such as occurred in a
PTS event.

Therefore, the NRC conservatively assumes that, if a crack is calculated to
propagate above the upper shelf of the material (200 ksi /ih is assumed), it
is assumed to continue propagating through the wall. It is recognized that
subsequent elastic plastic or fully plastic analyses may show that this may
not be the case. On the other hand, it must be recognized that if the pressure
is high enough, crack propagation through the wall is possible, even in tough
material, because the remaining ligament may not be sufficient to sustain the
pressure and residual thermal stress loads. Pending further research in this
area, the NRC concludes that a conservative approach must be taken.

D.6.1 OCA-II Parametric Study

The OCA-II code was used to make a parametric study of the effects of pressure P,
final water temperature, T , and the reciprocal time constant, p, on the

f

critical values of RT at the inside wall for crack initiation and crack
NDT

penetration through the wall (no arrest). (Strictly speaking, initial RT
NDT

should be mentioned as a variable, because it is only ART that attenuates
NDT

through the vessell wall, but the difference in critical values of RT II
NDT

different initial RT values is negligible.)
NDT

Some of the results of the parametric study, plotted in Figure D-8, show that
the T - RT is a fairly rasonable normalizing parameter, although the

f NDT
curves for different T values are separated by as much as 10-20 degrees at

f

low pressure. Figure D-8 indicates that crack initiation will occur at lower

material RT as pressure increases or final water temperature decreases.
NDT

Figure D-9 indicates that crack initiation will occur at lower material RT
NDT

as p increases, but, the effect is slight for values of greater than 0.15.
The " dogleg" in the curves of Figures D-8 and D-9 occurs because the critical
crack size changes. At low pressure, K - thermal predominates in the fracturey
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analysis and the critical crack sizes tre a fraction of an inch, whereas at
high pressure the critical size is near the arbitrary limit of 1.25 inches.

A cross plot of these Figures, shown in Figure D-10, illustrates the effect of

pressure and T on the critical value of RTNDT, f r a given value of pf

(0.15 min. 1). To use Figure D-9, the plant condition as characterized by
RT is related to the transient severity as characterized by P, T and p toNDT f

determine if the vessel is safe from crack initiation. This is, of course, a

deterministic calculation, which assumes that the critical flaw depth given by
the analysis is indeed present in the critical weld. Stated in another way,
if the value of RT used is the true value, the probability of crackNDT

initiation is the probability that the critical flaw is indeed present.

Also shown in Figure D-10 is a set of "no arrest" lines, which merge with the
solid lines for crack initiation at about 600 psig. This means that at very
low pressure, cracks will arrest if T is between the solid line and the

f

dashed line. At higher than 600 psig, the analysis shows that a crack, once
it has initiated, will penetrate the vessel wall. The assumptions on which

this analysis is based are thought to be conservative--they assume that the
material will behave as indicated by linear-elastic fracture mechanics.

Finally, in Figure D-10 there is a steeply slanting dashed line marked
"Circumferential cracks." It was drawn on the basis that at low pressure
K - thermal is the same for cracks of any orientation (which is nearly truey

for shallow cracks) and on the basis that K pressure for circumferentialg

cracks is approximately one-half of that for axial cracks.

The fluid film heat transfer coefficient, "h", is another variable (in addition
to T , P and p) that is part of the characterization of a transient. Thef

parametric study described above was made using an "h" of 1000 Btu /hr ft2 op,
which is characteristic of a " pumps on" condition. To check the effect of a
change in "h" to 300, for a " pumps off" condition, eight cases were repeated,
using OCA-II. The results, shown in the following table, are the differences
in critical RTNDT (in degrees F) for a calculation using h = 300 minus the
result for h = 1000. As expected, a higher value of RT can be tolerated

NDT
when "h" is lower, but the difference is only about 10 F or less at high
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pressures. The difference is seen to be greatest at low pressure, where
K - thermal is the predominant part of K - total, and for a severe cooldown.g y

This means that the near vertical lines of Figure 0-10 would move to the left
5*F at P = 2500 psig and about 29*F at 500 psig. Figure D-11 is a repeat of
Figure D-10 for h = 300 instead of 1000.

Tf = 150*F Tf = 300*F

p = 0.015 s = 0.15 p = 0.015 p = 0.15

P= 500 psig 9 29 0* 25
P = 2500 psig 11 5 7 5

A

Both calculations stopped at RTNOT = 400*F

D.6.2 Fracture Mechanics Analysis for Several PWR Recorded Transients

In the past, a number of events have occurred that can be categorized as PTS
transients. Some of these have previously been analyzed by fitting the actual
temporal temperature and pressure variations with smoothed and/or bounding
curves in order to facilitate the analysis. These transients have recently
been reanalyzed using the recorded temperature and pressure tracss with all
their respective fluctuations. The results are presented in an ORNL report,
Appendix 0, and as is discussed elsewhere in this document, were used as part
of the basis in arriving at RT screening criteria.

NDT

D.6.3 Fracture Mechanics Example Analyses

In addition to the many uncertainties regarding PTS scenarios such as the
temperature and pressure profiles versus time, the degree of mixing of cold
water with warm water, etc. there exists parametric uncertainties in the

|
stress and fracture mechanics analyses. The treatment of these uncertainties

,

becomes significant when the cooldown temperature is to approximately RT
NDT

( because small changes in assumptions can influence whether or not a crack will
! init te.

=
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Assuming infinitely long cracks, h = 330 Btu /hr ft2 oF (including clad effect)
and using, for example, an assumed downcomer water temperature transient of

T ,= 250 + 300 e-0.15t F, t = minutes

which is only slightly more conservative than transients that have actually
occurred and RT at the cooled surface of 294*F which is only slightlyNDT

greater than that which exists in some facilities, the NRC staff found that to
prevent crack initiation, the pressure .versus time would have to be less than
as shown in Figure D-12. That is, the pressure should be reduced to near
saturation conditions by about 30 minutes if warm prestressing (WPS) is assumed
to be ineffective. If the pressure had been reduced approximately monotonically,
then WPS, which occurs at about 18 minutes for this assumed transient, could
also preclude crack initiation. From the results of this transient provided
by ORNL, which were calculated using somewhat more conservative assumptions
regarding input parameters, crack initiation was predicted at about 24 minutes
even for zero pressure if WPS is not effective. The main contributor to this

difference in conclusions is believed to be the effective heat transfer coeffi-
cient used in the respective analyses. Thus, for cases where the final

' temperature is in the range of RTNOT, the sensitivity of results to the various
; input parameters needs to be investigated before final conclusions can be

reached as to limiting pressures.

) A factor for consideration regarding these transients is that, in general,

{ 1arger pre-existing cracks are necessary before crack initiation would occur

| for the cases of higher RT 's. This factor is not illustrated in the figures
NOT

in this appendix.

This same temperature transient was also analyzed for different values of.

'

RT at the vessel inner radius and for a circumferential crack. The resultsNDT
are shown in Figure D-13. Note that the effect of the clad is approximately
8*F and that a circumferential crack will tolerate about a 30'F higher RT

NDT
(considering crack initiation only) for this transient. Similar variations
would be expected for other transients. This example illustrates the benefits

! to be attained by monotonically decreasing pressure in the event of a moderately
severe thermal transient in that it is possible to avoid crack initiation.

,
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For much more severe thermal transients, crack initiation may occur due to |

high thermal stresses. In this case it is necessary to consider the potential
for crack arrest. Figure D-14 is a schematic representation of a critical
crack depth diagram to illustrate the analytical model used by the staff for
determining acceptable arrest criteria. An upper shelf toughness of
200 ksi 41n. is assumed; however, higher or lower values may be more appropriate
for a specific reactor vessel. When the thermal stress intensity factor is
known at the time of warm prestressing (WPS), the maximum pressure is deter-

mined such that arrest will occur at or before the time of WPS and for crack
depths below the upper shelf curve. The limiting case is shown as point "A"
in the figure. The thermal transient selected for this example is:

-stT,= 60 + 480 e

Figure D-15 illustrates the effect of the cooldown rate with a water to metal
heat transfer coefficient of 300 Btu /hr ft *F. Figure D-16 shows the equiva-
lent results for a lower coefficient. Note that the sensitivity to the heat

transfer coefficient is greatest for the more rapid cooldown. Figure 0-17
shows the effect of various assumptions regarding the attenuation of RT I"

NDT
the metal as discussed in Section 3 and Appendix E of this document. The

above figures are for long axial cracks. Figure D-18 shows the effect of
assuming long circumferential instead of axial cracks. In terms of RT

NDT'
instead of being about 30*F for crack initiation, the difference now is about
100* for crack arrest, depending on the specific pressure. Also shown in
Figure 0-18 is the effect of crack shape at arrest. (An a/c value of 0.1
represents a crack which is 20 times as long as it is deep.)

! Figure 0-19 is for another transient. It illustrates the uncertainty in RT
NDT

that can occur due to the selection of the time of warm prestressing because
of the relative flatness of K versus time near its peak value. Again, the

g

difference between axial and circumferential cracks is shown when warm
prestressing and arrest are considered.

As stated earlier, the NRC staff assumes an infinite flaw length in its
i analyses; that is, an ellipse with an aspect ratio of zert.. For circumferen-

tial cracks that arrest at some depth, this assumption is believed to be

|
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reasonable if the vessel wall is uniformly coolded in that d!rtttion. On the
other hand, growing axial cracks could be limited in length by reaching the
ends of a critical weld and intercepting tougher plate material. Also, they
could extend into less irradiated regions of the vessel wall and hence into
tougher materials even within the weld. Thus, the assumptions of an infinitely
long axial crack is conservative.

Figure D-20 shows the effect of the assumed crack shape at arrest. If an

aspect ratio a/c = 0.1 is assumed instead of zero, there is a gain in RT I
NDT

about 60* for the case illustrated. This appears to be reasonable in that, if
the crack arrested at the ends of an axial weld, it would be approximately
half-wall thickness in depth. An assumed aspect ratio of 1/3 would lead to
higher tolerable RT 's; however, analyses and experiments related to growing

NDT

cracks during a severe thermal transient indicate that cracks during a severe
thermal transient indicate that cracks arresting with this shape are very
unlikely. Also wall penetrations might occur before the ends of the crack
reached tough materials. Therefore, the staff does not accept this assumption.
If other than infinitely large arresting cracks, say those with an aspect
ratio up to 0.1, are to be accepted, then reasonable assumptions have to be
made regarding all stresses especially weld residual stresses that can be
present in addition to those due to pressure and temperature distribution.

These illustrations are intended to demonstrate the importance of limiting the
reactor system pressure in the event of a severe cooldown transient as.well as
the necessity to allow for uncertainties both in analyses of transients and in
material properties. Although WPS is expected o be effective in certain PTS
sconarios, this hypothesis ought not to be tested at an operating facility.

*

Based on the examples illustrated in Section D.6.3 and on the analyses of
other organizations for similar PTS scenarios, it is seen that variations in

input assumptions can lead to differences of limiting RT 's for axial crack
NDT

initiation. Specific differences will, of course, depend on specific scenarios.
The following are typical resuiL3.
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fect oAssumption
NDT'

(a) Clad stress vs. no clad stress 10*

(b) Continuous flaw for initiation 20*
vs. elliptical flaw (a/c = 1/3)

(c) h = 300 Btu /hr ft2 of vs. 15*
Westinghouse free convection
correlation

The above assumption differences account for a total RT variation of about
NDT

45* between staff analyses and those of Westinghouse. The Westinghouse model
for fluence attenuation into the wall is equivalent to the dpa model of the
staff. Other vendors, however, may still be using other models. The attenua-
tion effect on limiting RT 's for crack initiation is not expected to be

NDT
great but for crack arrest situations, the difference can be significant as
illustrated in Figure D-17.
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APPENDIX E
:

DETERMINATION OF RT FOR PLANTS FOR COMPARISON WITH SCREENING CRITERIA, NDT

E.1 Introduction
i

In Section 3, RT was shown to be an important quantity in the fracture
NDT

j analysis of PTS, because the toughness values, K and K , are given in theIc 7
I ASME Code, Section XI as a function of T - RT (In such analyses, the

NDY.

metal temperature, T, and the adjusted reference temperature, RTNDT, are the
values at the tip of the postulated crack.) Moreover, the results of the

f parametric studies described in Sections 3 and 7 and Appendixes D and H show
that T - RT is an important factor in the characteri7 cion of cooldown

f NDT
f transient severity for a given plant. In this case, T is the asymptotic

f

! cooldown temperature of the water in the downcomer, and RT is estimated at
NDT

! the inside surface of the vessel. This finding led to consideration of RT
NDT

as a screening criterion. Obviously, RT f r a given plant is not related
NDT

to the severity or probability of occurrence of a PTS in that plant and is
therefore not necessarily the overall criterion for rating plants. Neverthe-

I less, the value of RT at the inside surface of the vessel is a good
NDT

screening criterion for the tendency of a reactor vessel to suffer damage from
PTS.

,

RT is the sum of two quantities: the initial RT from tests made at theNDT NDT
,

time the vessel was fabricated and the ART estimated from tests designed to
NDT

measure the effects of neutron radiation. The purpose of this discussion is
to describe the bases for estimated initial RT and ART f r the individual

NDT NDT
plants. Estimates will be given for the inside surface of the vessel wall (at
the clad-base metal interface) for the critical locations, either a longitudinal
weld or a circumferential weld in the beltline or occasionally a beltline plate
or forging.

As described below, there are a number of uncertainties in the estimation of
initial RT and ARTNDT, and thus there is the difficult question ofNDT

E-1 Draft
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establishing a proper, known, degree of conservatism in the estimate of RT
NDT*

To resolve this question, a Working Group on RT was assembled for a two-day
NDT

meeting (June 17 and 18, 1982) to review the NRC methods and recommend a
method for use in the report. The work of that group is described in
Reference 10. The method described below follows the recommendations of the
Working Group.

E.2 Initial RT
NDT

E.2.1 Code Definition

The Summer 1972 Addenda to Section III of the ASME Boiler and Pressure Vessel
Code contained the first requirements for measurement of RT f r the plates,

NDT
forgings, and welds that make up the reactor vessel, measurements to be made
at the time of fabrication. Two types of tests are required--drop-weight
tests and Charpy tests. However, most of the vessels in question were
fabricated in the 1960's when only Charpy tests were required.

E.2.2 Absence of Actual Measurements of RT
NDT

Typically, the data available to the NRC staff comprise 3 Charpy tests at 10 F
for each plato, forging and weld, complete Charpy curves for the surveillance,

weld and base materials, and in cases where the base material was controlling,
some drop weight data on archive or surveillance material. In the past, the

NRC has used the guidelines of Branch Position MTEB 5-2 to obtain an estimate
of initial RT In summary, those guidelines were to use the Charpy 30 ft. Ib.

NDT.
level, but not lower than 0 F. The Charpy curves from the surveillance tests
were used to guide any extrapolation needed to get the 30 ft. Ib. temperature
from the 3 tests results at +10 F.

In summary, values of initial RT measured according to ASME Code rules are
NDT

not generally available for the welds in question. Estimates based on the
3 Charpy test results and MTEB 5-2 are not very satisfactory, because they are
overconservative for some cases.

E-2 Draft
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E.2.3 Generic Data'

From compilations of data obtained subsequent to the time the vessels in question
were made, it is possible to divide the welds into two groups according to the

g weld flux used, and to develop a mean value and a standard deviation for ti.e
| generic data. One must then decide if it is prudent to use the mean generic value

as the best estimate for the vessel welds in question. Except for some archive
i material, the welds that are represented in the data base were made at a later

f time than the vessel welds. There may have been some differences in weld chemis-
try or welding practice. Furthermore, even if there were actual RT values for

NDT
the vessel weld in question, the samples would come from weld metal qualification,

welds, not from actual vessel weld prolongations and not from full thickness test
pieces. Thus, a mean plus 2 sigma value appears to be the best engineering
estimate for initial RT f r use in a screening criterion.

NDT

I

j In the Combustion Engineering Report, CEN-189 (Ref. E.2) there is a table of
>
j values of initial RT which contains 49 values for Linde 0091, 20 values for

NDT

Linde 124, and 13 values for unidentified weld fluxes, some of which we have
identified as Linde 1092. By inspection, the three groups appear to be in the
same population, and the total has been treated as such to yield a mean value
of -56*F and a standard deviation of 17"F. It was pointed out by PNL (Ref. E.3)
that these data are not normally distributed, but are skewed to the high side.
However, the resulting error is swamped by the uncertainty in the application

i of these data to the actual vessels. An earlier weld flux, ARCOS B-5, .used on

f one or two vessels, was deemed to be in the same population based on comparison
of available Charpy energy values.

! For Linde 80 weld flux, a set of 10 values provided by Babcock and Wilcox
(Ref. E.4) had a mean value of 0*F and the range was from -40* to +20 F.
Because the sample size for the Linde 80 welds was small, the standard
deviation was taken to be the same as for Linde 0091 welds, 17 F.

E.2.4 Comparison with Vendor's Values
,

4

|

Westinghouse (WCAP 10019) (Ref. E.1) used MTEB 5-2 to estimate RT values.
NDT

Combustion Engineering (CE) (Ref. E.2) proposed two bases: (1) 60 F below the

E-3 Draft
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Charpy 50 ft. Ib. level, and (2) an upper-2-sigma value from generic data for
the weld fluxes in their vessels, Linde 0091, 1092, and 124. Their utilities

used method 1, but the CE report made for each plant used method 2. Babcock

and Wilcox (B&W) used upper bound values from generic data for Linde 80 weld
flux, which was used in their vessels. An exception is Three Mile Island 1,

which used a lower value of initial RTNDT, basis not specified.

The following table compares vendors' values with NRC values. The latter are

mean plus two sigma values. As described in paragraph E.4, in combining

initial and ARTNDT, the full two sigma value is reduced about 10 degrees by
the use of the quantity 2/a,2 + 06

Linde 80 flux Linde 0091 etc. flux

NRC 0*F mean Plus 34 = 34*F -56*F mean Plus 34 = -22 F
W 0 to +10*F. O to +10 F
CE -20*
CE Utilities -50*F

B&W +20*F

E.3 Adjustment of RT Due to Radiation (ARTNDT)NDT

E.3.1 Trend Curves versus Surveillance

Most of the plants in question in the thermal shock issue have withdrawn at
least one surveillance capsule and tested the irradiated specimens therein.i

| The fluence is generally not exactly the value of interest, but the results

| can be extrapolated to the fluence of interest by using one of the trend
|

| curves to be described.
.

!

However, there are problems associated with using individual surveillance
results as the sole source of information about a plant. First, the surveil-

lance weld often does not match the critical vessel weld exactly, i.e. , the
weld wire heat numbers are different. A broader problem is that caused by
scatter in the ART data. This results in part from the fact that ART is

NDT NDT
the difference between the curves for irradiated and unirradiated material,

both of which were fitted to data that typically shows considerable scatter.

E-4 Draft

t

QMu 'f[' :773 Ant.i'M7f-M2 : TT,'mMm Sqq73gY.W" W My' -n :7- '
_ _



_ -- _ - --m mm - ,, _ _ m ._._..,_ __ m. m

. .
'

DRAFT. ,

|
i
J

L Thus, there is a preference for the use of trend curves instead of individual

surveillance data. To use any of the trend curves, the chemistry of the
: material must be known, in particular, the copper content. This is obtained
f from analysis of the weld metal qualification weld for the weld wire heat
n

number and weld flux number that were used for the critical weld. If notv

| available, data were sought for that weld wire heat number as used in other
i vessels. Failing that, best estimates were made from the surveillance weld
I

(even though the heat numbers did not match) and from generic data for welds
made in that time period. As a last resort, a value of 0.35% copper was used,
that being the value which gave the upper limit or bounding line for all data
in Regulatory Guide 1.99 Revision 1 (Ref. E.5) as described below.

i

E.3.2 Regulatory Guide 1.99 Revision 1, Bounding Curves

[

Since publication in April 1977, Regulatory Guide 1.99 Rev.1 contains the

procedure recommended by the NRC to obtain ARTNDT, the " adjustment of reference
' temperature" as a function of chemistry and neutron fluence. Copper was the

dominant residual element in the chemistry term (the other was phosphorus) as

j can be seen at the top of Figure E-1. The exponent on the fluence term is

j 0.5, but there is a cut-off or upper limit line for which the exponent is
0.194 for high copper content and fluence exceeding 6 x 1018 n/cm2 (E>l MeV).

; Criticism leveled at Regulatory Guide 1.99 became more insistent when the PTS

i issue made it necessary to look hard at all sources of conservatism. It was

j said that (a) the curves were too conservative at high fluences, especially

f for low-nickel materials, and (b) the phosphorus term was not supported by
j recent studies such as the MPC report (Ref. E.6) described below and should be

dropped. Nevertheless, Regulatory Guide 1.99 was used for high-nickel materials
by all 3 vendors in the reports that were concurrent with the utilities'

150 day reports. The high-nickel materials are ASTM A 533 plates, A 508

6 forgings, and welds of comparable chemistry, for which the nickel content is
generally between 0.5 and 1.0 percent. The low-nickel materials are ASTM A 302
plates and welds of comparable chemistry, which generally have less than

;

j 0.25 percent nickei as a residual element. A relatively small number of older

| vessels have low-nickel material,

l
i

E
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E.3.3 Guthrie Trend Curves

Evidence has been accumulating for several years that the low-nickel materials

are less sensitive to neutron radiation. When the PWR surveillance data base
,

was analyzed by the NRC in October 1981, the difference between high and low-

nickel content material was apparent. Westinghouse and CE reported similar
. findings and presented empirical equations for the low-nickel material. (B&W

q have no plants with low-nickel materials in the reactor vessel.) The PWR
surveillance data have now been fitted by a multiple regression analysis3

technique. The work was done at HEDL by George Guthrie, whose name is attached

to the new trend curves (Ref. E.7). The Guthrie mean curve is as follows:,

NDT = [-10 + 470 Cu + 350 Cu Ni] [f/1018]0.27RT

WRT = adjustment of reference temperature, degrees F
NDT

Cu = weight percent copper
Ni = weight percent nickel
f = fluence, n/cm2 (E > 1 MeV)

,

The use of a copper-nickel product term reflects the advice of J. R. Hawthorne
,

( (Ref. E.8) of the Naval Research Laboratory to the effect that nickel seems to

j enhance the effect of copper, but nickel does not cause increased embrittlement
in the absence of copper. The product term is also consistent with work
reported by Varsik and Byrne (Ref. E.9) in which their " chemistry factor" was
the product of copper and a quantity, nickel plus other elements.

Figures E-2, E-3, and E-4 show how the Guthrie formula fits the PWR surveillance
,

data. The residual value (predicted minus measured) for each line of data is
plotted against fluence, copper content, and nickel content to give a graphical;

check on the effectiveness of the multiple regression analysis.
,

E.3.4 Guthrie Upper Bound Trend Curves

The standard deviation for the data analysis described in paragraph E.3.3 was
24 degrees F. From inspection of Figure E-2, it appears that a constant
2-sigma upper bound is satisfactory over the fluence range of interest.

E-6 Draft
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E.3.5 Comparison with MPC Curves

|

| As further support for the Guthrie mean curve, Figure E-5 gives a comparison
of the Guthrie mean c' ve for representative copper and nickel contents with a
mean curve developed by the Metal Properties Council for ASTM Committee E-10
on Nuclear Technology and Applications (Ref. E.6). The latter is being bal-
lotted as an ASTM Standard. The MPC data base contains all of the test reactor
and surveillance data that fit the criteria for material form and irradiation
temperature that were available in November, 1977. There is reasonably good
agreement between the MPC trend curves and the Guthrie curves, considering
that the MPC curves were for a range of nickel content, but were without a
nickel term in the equation.

The MPC trend curve did not contain a phosphorus term, because in the regression
analysis the addition of a phosphorus term did not produce any significant
decrease in the residual variance. In a further study of this ficding, the
MPC Task Group found a statistically significant relationship of phosphorus
content to copper content, i.e. , high phosphorus was found with high copper.
Thus, their combined effects were represented in the trend curve formulation
by a copper term alone.

E.3.6 Comparison with Vendor's Curves

Westinghouse and Combustion Engineering drew bounding curves for low-nickel
material. Figure E-6 gives a comparison of the Guthrie mean plus 2-sigma
curves for 0.15% nickel material with the low-nickel trend curves presented by
Westinghouse and CE. The latter lie below the Guthrie curves over most. of the
range of fluence.

E.4 Screening Value of RT
NDT

The Working Group on RTNDT (Ref. E.10) agreed that the value of RTNDT to be
used in screening plants should be calculated as the sum of 3 quantities: the

mean value of initial RTNDT (RTNDT o), plus the mean value of ARTNDT at the

inside surface of the vessel, plus twice the square root of the sum of the

squaras of the standard deviation on each, i.e., 240,3 + caz.
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E.4.1 Uncertainties
t

i Uncertainties in the screening value of RT arise from several sources.
NDT

[ Those associated with the estimate of initial RT were discussed in
NDT

f Appendix E.2. For ARTNDT, there is the scatter about the trend curve (shown
in Figures E-2, E-3 and E-4) which is made up of the uncertainty in response

,

of material to -adiation, plus errors in the copper and fluence values in the
,

data base and e ors in the Charpy shift measurement itself. In addition,

i there is uncertainty in the copper content of the critical weld in the vessel.
Because copper was introduced as a platirg on the weld wire, and plating
thickness was not controlled, variation in copper content through the vessel

.

wall and along the length of the weld is expected to be considerable. From a

number ef measurements for certain weld wire heat numbers, one standard devia-
tion is axpected to be about 0.03 percent copper, typically. This is equivalent

to 15 c0 :rees F in the plants with higher fluences.
<

Nevertheless, the copper contents used in calculating RT f r plants were
'

NDT
best-estimate values. They were not mean plus 2 sigma values. This is one
reason why the Working Group on RT felt that the screening values should

NDT
! have the 2 sigma measure of error added to the mean.

E.4.2 Alternative Calculation of RT
NDT

f For high values of copper and nickel contents, the method described above
gives values higher than those predicted by that part of the Upper Limit of

'

R.G. 1.99, given by the equation:

NDT = 283 ( U10 ") #ART

'

Experience has shown that the latter bounds the available data. Therefore,

the screening value of RT is taken to be the lower of two quantities:
NDT

4

RTNDT = RTNDT o + Guthrie Mean ARTNDT+2 Jag +og

<
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RTNDT = RTNDT o + 283 (f/1018)O + 2 og
h
i,l as illustrated schematically in Figure E-7.
f

I
' The 2-sigma term in the second equation does not include the error in ART

NDT
because the term for ART is an upper-bound equation.

NDT

I

j The Upper Limit line of R.G.1.99 actually consists of two branches. the one
j described above, for fluences above 6 x 1018, and a lower branch that has an
:; exponent of 0.5. The latter was not used, because it does not bound all of

the observed data in that fluence range. Thus, for the purpose of this
screening criterion, the alterative equation,

,

NDT = 283 (f/10 ") OART

is used at fluences below 6 x 1018 as well as for higher fluences,

i
;
i
,

|
s

f
I

t

i
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j APPENDIX F
1

PRESSURE VESSEL FAST NEUTRON FLUENCE UNCERTAINTY

'

F.1 Introduction

g The following discussion deals with the components of the staff's fast fluence

j ( MeV) predictive calculational uncertainty.
W

4 There are two major sources of uncertainty in fast fluence computations, i.e.,

. (a) the uncertainty which.results from the measured values of the fluence used

i in benchmarking the computer codes, and (b) computational, which originates

f from uncertainties of input quantities to the code.
3
&

l F.2 Benchmarking Uncertainty

j The prediction of the calculation is benchmarked to measured values of

[ carefully performed experiments. The benchmarking process has been instru-

I mental in recent improvements of the uncertainty as shown in Figure F-1. It

) can be seen that in the early years of commercial nuclear power the predictive
j uncertainty was very large. Figure F-1 represents the FSAR predicted values

j of the fluence and their comparison to a posterior measured value with the
: surveillance capsule. Measured values from the surveillance capsules and the

Pool Critical Assembly improved the predictive capability in the 1970s and is
shown in 1980-81 when surveillance capsules were removed. The staff has a
technical assistance program at BNL to benchmark the neutron transport code
DOT 3.5 and verify the fluence values in the eight pressure vessels which have

| been thought to have marginal toughness. At this time the benchmarking is
nearly complete.

5

A

4 The benchmarking includes data from the following:
b
i
:
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(1) The Pool Critical Assembly pressure vessel dosimetry benchmark
experiment (Ref. F.1).

1

In this experiment, the neutron spectra through the various regions
I from the core to the pressure vessel were measured. The limiting
j accuracy of the neutron exposure parameters is in the range of 15 to

115 percent (10) (Ref. F.2).

(ii) The ANO-1 surveillance capsule and reactor cavity flux mea:waments,

(Refs. F.3, F.4, F.5, and F.6).

EPRI-sponsored measurements in the reactor cavity provide flux values
to an estimated accuracy of 115 percent (undesignated distribution).
Surveillance capsule measurements are being used to adjust the fluence
calculated on the inside of the pressure vessel.

(iii) Fort Calhoun surveillance capsule.

'

(iv) Maine Yankee surveillance capsule.

! Figui-e F-2 shows a typical configuration of a surveillance capsule. The overall
length corresponds to that of a fuel assembly and contains an upper, middle,
and lower tensile monitor compartments. Tensile specimens are housed in this
section along with radiation monitors (Figure F-4). Charpy impact specimens

' are housed in separate compartments (Figure F-3). Typical locations of surveil-

lance capsules are shown in Figure F-5.

The causes of uncertainty in dosimetry measurements are related to reaction
rate cross-sections, the photofission correction, counting calibration,

flux-time history, etc. The overall benchmarking uncertainty is 115 percent

(10).

F. 3 Computational Uncertainty

Cohutational uncertaintiIs result from uncertainties in cross-section data
'

S
A

(inelastic scattering of iron is a particular source of error), modeling,

numerical methods, source representation, geometry, etc., which are inputs to

F-2 DRAFT
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I the DOT 3.5 code. The DOT series of codes are two-dimensional neutron transport
ccdes based on finite differencing with anisotropic scattering in (x, y), (r, 0), or
(r, z) geometries. The 00T 3.5 version is operational at BNL (Ref. F.7).

,

In order to evaluate calculational uncertainties and provide an additional
,

( independent assessment of the uncertainty, a direct parametric analysis is
y being performed. In this analysis major uncertainty components (e.g., source

f rcpresentation, geometry, cross-section, etc.) have been identified and are
j b2ing quantified. DOT sensitivity calculations are being performed to propagate
$ these uncertainties and determine their effect on vessel fluence and ART

NDT
!i (Ref. F.8). The expected uncertainty is 115 percent (10).
:

s
j We estimate the overall predictive uncertainty to be 120 percent (lo)

comparable to 115 to 120 percent recently claimed by the vendors (Refs. F.9

| and F.10).
?
4

I
The above is illustrated in diagrammatic form in Figure F-6 which illustrates
the overall uncertainty, its components, and the sources of the experimental'

- uncertainty.,
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@[dAPPENDIX H
m

le;
REACTOR PRESSURE VESSEL FAILURE PROBABILITY STUDY

{3_
p
;7

Reactor pressure vessels (RPV) in nuclear power plants have traditionally been de
considered extremely reliable structural components. Indeed, studies completed ,7Y

in the United States and Europe have concluded that the disruptive failure rate h
(loss of the pressure retaining boundary) for nuclear pressure vessels is less bfmthan 10 8 at a 99% confidence level for RPVs designed, fabricated, inspected, BM
and operated in accordance with the Boile.. and Pressure Vessel Code of the Ameri- WW
can Society of Mechanical Engineers. However, recent results from surveillance @y

r.

mand research programs and operating experience suggest that the issue of RPV
failure probability should be reassessed. The renewed interest in RPV failure g
probability is due to the observation that thermal hydraulic transients occurring $j
in commercially operating nuclear power plants are subjecting RPVs to unanticipated h
loadings which could contribute significantly to the failure probability of
RPVs. In addition, operating experience and research programs over the past ;ggj
few years have provided additional information that more clearly defines both )d

s .material property variations in RPVs and the effect of neutron irradiation on
,

the material's resistance to fracture. The objective of this study is to assess F
the contribution to RPV failure probability of recently observed thermal hyraulic a,

transienu using the most recent material property data.

e

Generally, RPV reliability studies have used either one of two methods to calcu-
,

late the probability of RPV failure. These methods are (1) the analysis of
statistical data from observed non-nuclear pressure vessel failures to infer h
failure rates for both nuclear and non-nuclear pressure vessels and (2) the use d

'N6 8i

of mathematical models that predict failure rates by analytically generating
pressure vessel failures. Mathematical models used in the later technique have

{been primarily closed fora analyses. In this effort, Monte Carlo simulation @
WItechniques have been used because of the ability to consider a greater number pa

of significant random variables and to perform a wide range of sensitivity studies. h.T
| hh

M
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The results of extensive sensitivity studies which have been conducted are ex-
tremely important because they quantify the effect of uncertainties in the input
parameters, thereby providing an estimate of the accuracy of the calculated
failure probabilities, and they identify the significant variables and variable
interactions. The results are best applied in a relative sense for use in deci-
sion making, and extreme caution must be exercised in applying the results in
an absolute sense.

Section H.1 of this report describes the reactor pressure vessel considered in
this study, Section H.2 describes the fracture mechanics techniques and simula-
tion model used to calculate RPV failure probabilities; Section H.3 presents
results of a reference case and sensitivity analysis performed using the simu-
lation code; and Section H.4 presents a discussion and conclusions of the study.

H.1 Reactor Pressure Vessel Description

,

The reactor vessel geometry in this study has a 9-inch wall thickness and a
90-inch mean radius. Figure H-1 presents a schematic of how the RPV is fabri-
cated. The failure probability is calculated for one vertical weld in the two
beltline shell courses, which have lengths of approximately 72 inches. These

dimensions are typical of most cperating PWR vessels. Only the welds are con-
sidered because they have the greatest propensity for flaws, are most sensitive

,

to radiation damage, and hence, should dominate the failure probability. The

reactor vessel is fabricated of carbon steel with stainless steel cladd.ing on
the internal surfaces that are in contact with the primary coolant.

|
t

l H.2 Probabilistic Model

H.2.1 Fracture Mechanics Algorithms .
,

,

Pressurized thermal shock transients can subject the reactor pressure vessel to
an unusual combination of high thermal and pressure stresses that create the
potential for fracture of the reactor pressure vessel. Given well defined pres-
sure and temperature-time histories for a pressurized thermal shock transient,

H-2 DRAFT
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heat transfer and stress analyses can be conducted using either closed form or
numerical analysis techniques.

,

In this study closed form solutions have been utilized for the heat transfer
[ and stress analyses. The closed form solutions allow the primary coolant temper-
) ature time history to be expressed as either a fourth order polynomial or an
[ exponential function of the form:

T = T, - (T - T )e-sto f (H-1)

where T is the temperature of the primary coolant as a function of time; T and
g

T are the initial and final primary coolant temperatures, respectively; p isf

the decay constant that determines the rate of cooldown; and t is time. The

pressure time history is represented by a fourth order polynomial. The heat
transfer analysis is performed using an effective heat transfer coefficient

| which takes into account the fluid film heat transfer coefficient and the i

thermal resistance of the stainless steel cladding. However, the stresses due
j to the difference in thermal expansion between the stainless steel cladding and

the base metal have not yet been included in the probabilistic code. A sensi-
1 tivity study in Section H.3.2.9 provides an indication of how these stresses
i
; might affect the calculated failure probabilities.

.. The temperature and stress intensity values calculated using the above techniques
-

were found to be in excellent agreement with the temperatures and stress intensity
values calculated by the OCA-I code developed at ORNL.

{ Once the transient temperature and stress states have been calculated for the

pressurized thermal shock event, linear-elastic fracture mechanics analysis is
used to evaluate RPV integrity. Linear-elastic fracture mechanics (LEFM) is;

!. used to determine if a pre-existing flaw will propagate unstably through a material
under certain loading and material conditions. The LEFM criteria for unstable
fracture is:

,

Kg>KIc ("~ )

:
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f where K is the applied stress intensity factor and K is the critical stressg Ic
; intensity factor. Warm prestressing which can effectively inhibit crack extension

even when K exceeds KIc (see Section D.3) was not considered in the analysesy

with the exception of the sensitivity studies presented in Section H.3.5.
Although for many of the transients analyzed, warm prestressing would be effec-
tive, these transients were only assumed for convenience in conducting parametric
studies. System considerations and operator actions do not ensure that warm
prestressing will be effective in every case.

The applied stress intensity factor, K , is a function of the stress state;g

crack depth, a; and flaw and component geometry. The stress state at any time .

in a pressurized thermal shock transient is defined by the pressure and tempera-
ture-time histories. The component geometry of interest in this study is the
RPV beltline with an assumed longitudinally oriented flaw. The assumed icagitu-
dinal orientation is that. expected in longitudinally oriented welds and is the
flaw orientation that experiences the maximum stress and K in the reactor

g

vessel beltline. Deterministic analyses assume that a flaw of a specific depth
exists with certainty. In the probabilistic model developed in this study, the
crack depth is treated as a random variable.

The critical stress intensity factor, KIc, is the material's resistance to unsta-
ble fracture. K is a function of the temperature at the crack tip; the mate-Ic
rial's initial nil-ductility reference temperature, RTNDTo; and the shift in
RTNDT, MTNDT. The temperature at any depth in the vessel wall is defined by
the heat transfer analysis of the pressurized thermal shock transient.

4

RT is a material property determined by a destructive material testing pro-NDTc
cedure and is a measure of the temperature at which the material begins a transi-

.

tion from a " brittle" to ductile fracture mode. Determination of RT is
NDTo

' subject to material variability and measurement errors. Furthermore, estimates
of the RT f r a specific plant often must be made from a generic data baseNDTo
not totally representative of the specific material of interest. Therefore
RT is treated as a random variable in the probabilistic model.

NDTo

H-4 DRAFT
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The shift in RT is a result of neutron irradiation. As the vessel beltlineNDT
fluence increases, the RT f the material becomes higher. This means that

NDT

in order to exhibit the same resistance to fracture, KIc, the material must be
at a higher temperature. The attenuation of fluence through the RPV wall for
the :esults presented in this study was represented by the following relation

F(a) = F e (H-3)ID
-

where a is the depth in inches into the vessel wall and F is the fluenceID
(> 1 MEV) in neutrons /cm2 at the surface of the RPV wall. More recent studies
based on the concept of displacement per atom, dpa, consider a wider spectrum

,

of neutron energies and suggest that the exponential decay constant should be
smaller to more accurately predict radiation damage through the RPV wall. Fluence

'

on the inside surface of the RPV wall varies with location in the RPV beltline
.

j due to the core design and power profile. In addition, there are relatively
j large uncertainties in calculating fluences. Thus, fluence has been considered

| a random variable in this study.
i

I In the probabilistic analyses, the mean shift in RT has been represented by
NDT

the following function:
J

NDT = [-4.83 + 476 Cu + 267 Cu Ni] [F/1019}0.218 (H-4)ART

where ART is the mean shift in RTNDT, Cu is the copper content in weightNDT
j percent, Ni is the nickel content in weight percent, and F is the fluence in

2neutrons (> 1 MEV)/cm . This equation was developed at HEDL through regression*

analysis of surveillance and research program results. Copper and nickel contents
,

very throughout the RPV material, and uncertainties exist with the values specified
for plant specific welds. Hence copper and nickel contents should be treated
as random variables. Copper content was treated as a random variable in this

! study. However, the effect of nickel has just recently been recognized; and
hence, nickel was not considered as a random variable in the original development

,

'
cf the code. Future versions of the code wil include nickel as a random variable.
iiie results presented here were generated assuming a constant nickel content of
0. 65L

,
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The surveillance and research program data on ART as a function of fluence
NDT

Iexhibit significant variability as illustrated in Figure H-2. However, it is

believed that much of the variability is due to variability and uncertainty in
the measured fluences and copper contents in the data base. Therefore, it seems
inappropriate to consider this variability twice and for the results presented
in this study the mean trendline for ART versus fluence specified in equation

NDT

(H-4) was used. A proposed sensitivity study to be ccnducted in the future is
to compare the results of this study with results generated by using mean copper
contents and fluences and treating ART as a random variable. However, for

NDT
this study it was desirable to be able to conduct sensitivity studies on copper
content and fluence; hence, these parameters were treated as random variables.

Once the initial RT and shift in RT have been specified either determinis-
NDT NDT

tically or probabilistically, the critical stress intensity factor, KIc, can be
calculated. Figure H-3 shows a plot of K data versus T-RTNDT, where T is theIc
temperature of the material and RT is the sum of the initial RT and the

NDT NDT
shift in RT Because K is a material property, it exhibits some variability

NDT. Ic
and is treated as a random variable. A mean curve for K ve m s T-RT wasIc NDT
developed through regression analysis. The equation for this mean curve is:

K = 36.2 + 49.4exp(0.0104(T-RTHDT)) f r T-RTNDT < -50*FIc
(H.5a)

Ic = 55.1 + 28.0exp(0.0214(T-RTNDT)) f r T-RTNDT > -50 F (H-5b)

If crack initiation is predicted, the crack may arrest as it runs deeper into
the wall encountering hotter, less irradiated, and hence, tougher material.
Arrest of the crack is predicted if

Ky<KIa (H-6)

where K , is the stress intensity factor for crack arrest. Figure 5-4 showsy

and a mean curve fit using regression analysis.the data for K , versus T-RTNDTy

The equation for the mean curve is:
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K, = 19.9 + 43.9exp (.00993(T-RTNDT) f r T-RTNDT < 50*F (H-7a)];
7

K , = 70.1 = 6.5exp (.0196(T-RTNDT) f r T-RTNDT > 50 F. (H-7b)g

i

j Both the mean crack initiation and crack arrest toughnesses were truncated at
an upper shelf value of 200 KSI /In. Thus if crack arrest is not predicted'

,

| before K reaches a value of 200 KS1/G. vessel failure is predicted.
7

,

f H.2.2 Simulation Model

Figure H-5 illustrates the simulation model developed for RPV failure probability.,

r

The left hand column in the figure is the deterministic analysis which includes
the heat tansfer, thermal and pressure stress, and applied stress intensityr

)
j value calculations for a range of crack depths at ten time steps in the transient.
; Matrices of temperature and K values are stored for use later in the simulation

y

analysis.
i

.

The variables designated "simulato" in the diagram are treated as random varia-

f bles, and their values are sampled from a statistical distribution defined by
; input parameters. As discussed in the previous section, crack, depth, a; fluence;
j RTNDTo; copper content; KIc; and KIa were treated as random variables in this

study. A value for each of these random variables is sampled from the appropriate
' statistical distribution. Once the flaw size is simulated, the corresponding

K value is retrieved from the K matrix developed earlier in the code They y,

mean K value is calculated according to the equation (H-5) using the temperatureIc
; corresponding to the time step and simulated crack depth and an RT b sed on

NDT
the values of copper content, fluence, and RT sampled from their correspondingNDTo

; statistical distributions. Since the K data exhibits significant variability,Ic
j the K value is simulated by sampling from a distribution about the mean KIc Ic
> value.
|
:

If crack initiation is predicted, the crack is allowed to advance through the
; RPV wall in discrete steps of 0.25 inches, and a check for crack arrest is made

at each crack advance. K is treated in a similar fashion to K as mentionedIa Ic
j above. If crack arrest is predicted, the code continues to analyze successive

{ time steps in the transient using the arrested crack depth. Since the applied
3
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K values and material temperature at the crack tip are a function of time in
the transient, reinitiation of the crack may occur.

Each pass through the simulation loop depicted in Figure H-5 represents a single
computer experiment conducted to determine if RPV failure will occur. Up to a
million passes through this loop can be made. The code keeps track of the number
of crack initiations and RPV failures and the probabilities of crack initiation
and RPV failure are estimated by dividing these values by the total number of
trials. Thus the code actually performs millions of deterministic calculations
with each set of calculations based on a different set of values selected from
the appropriate statistical distributions for the significant variables. This

is equivalent to subjecting a population of up to a million operating reactor
pressure vessels to the pressurized thermal shock transient of interest and
then inferring the failure probability based on the number of observed failures.

.

H.2.3 Statistical Distributions of Random Variables

The simulation model described above suffers from the same problem as all analytic
models, its output is only as good as its input. Unfortunately, very little

information exists in the literature regarding the required statistical inputs,
and the time frame of this initial study was not sufficient to allow the necessary
research and analysis to develop rigorous statistical inputs. Therefore, many

of the statistical distributions associated with the random variables in the
model are based on expert opinion and have somewhat ill-defined " levels of con-
fidence." It is appropriate to interject at this point that, because of the
uncertainties associated with the input parameters, the best use of the results
of this study is in a relati/e sense to assist in the decision-making process.

The number and size of cracks in the weld material of the RPV is probably the
random variable with the greatest uncertainty. Several crack size distribu-
tions exist in the literature. These distributions are based on the experience
of RPV fabricators and nondestructive examinations. The flaw distribution is
of course difficult to quantify since the flaws of interest are not the flaws
that have been detected, but those of unknown size and number that remain in

the RPV because they were not detected. Figure H-6 shows the probability of
having a flaw of depth a in a reactor pressure vessel longitudinal beltline

H-8 DRAFT
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weld as estimated in the OCTAVIA computer code. The weld volume associated,

| with the OCTAVIA flaw distribution was defined as the volume of longitudinal

| weld material in the beltline region of a PWR. To obtain the flaw distribution,

f for a single beltline weld, as considered in this study, the OCTAVIA flaw
j distribution was adjusted assuming that the flaws were equally distributed
j among six longitudinal beltline. For illustration, the crack depth, a, in

Figure H-6 is represented as a continuous random variable. However, in this

study, the crack depth was used as a discrete random variable. For the curve
in Figure H-4, approximately nine distinct crack depths ranging from 0.125 to
3.5 in. were used and the probabilities indicated at these crack depths were

y reduced by a factor of 1/6 to represent the probability of a flaw in one weld
i and were used to construct a stepwise cumulative probability distribution. The
i Monte Carlo simulation in the computer code used the stepwise cumulative

; distributions to generate a crack depth for each simulation cycle.

The distribution of RT is dependent on the variability in the material and
NDTo

'

measurement error. In discussions with the metallurgists at materials testing
laboratories, they indicated that they believed their accuracy in determining
RT was 120 F. No data exist from which to infer the shape of the distribution.

NOT
Therefore, for a reference case, a normal distribution with a standard deviation

i of 15 F was assumed. Sensitivity studies were conducted assuming that the standard
6
- deviation was 30 F.

,

The variance in fluence is due to the power distribution in the reactor core
and inaccuracies in calculation. Experts at Hanford Engineering and Development
Laboratory in Richland, Washington, have estimated the uncertainty in fluence

> estimates to be on the order of 1 30% (lo) using common practice techniques.
For the reference case, a normal distribution with a standard deviation of 30%

was assumed. Sensitivity studies were conducted assuming standard deviations;

of 50% and 15%.

i A study was conducted to evaluate the sensitivity of the calculated failure

; probabilities to the tails associated with the normal distributions assumed for
v RT and fluence. In this study the distributions were truncated at the mean

NDTo
plus and minus three standced deviations. The results indicated no appreciable

>
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difference, and it was concluded that the tails of the assumed normal distribu-,

tions do not dominate in the calculations.

) Copper was introduced into the welds of the RPV from welding rods that were
.

copper coated to improve the welding process. Chemical composition analyses of
g welds from RPV prolongations have recently provided extensive dats for welds
j representative of those in operating plants. Rigorous statistical analysis of

these data is not yet complete. However, the distribution does appear to be-

symmetrical with a standard deviation in the range of .02% to 0.5%. For the
reference case, a normal distribution with a standard deviation of 0.025% was

i assumed. In the sensitivity studies a 0.07% standard deviation was considered.
t

g In all analyses the range of simulated copper content values was limited to
' O.08% to 0.40% copper.

As described in Section H.2.1, K and K , and also treated as random variablesIc g

with a normal distribution and a 10% standard deviation about their respective
means curves. Due to lack of sufficient data, the distribution of K nd KIc Ia
about their mean is difficult to rigorously determine. However, several papers

p have suggested using a normal distribution about the mean with a standard deviation

of 10%, and this distribution was assumed in generating the results presented
'

here. The normal distribution about the mean was applied to both the transition
i
; and upper shelf toughness regions. Sensitivity studies were conducted to evaluate
.

I the sensitivity of the claculated failure probabilities to the assumed variability
in K and Kyc 7g.

s
,

H.3 Results,

e

!

This section presents results of a reference case and of certain sensitivity

) studies performed using the simulation model described in Section H.2. As stated
^

earlier, due to uncertainties in the input data, it is suggested that these
results be considered in a relative rather than an absolute sense. The sensi-
tivity studies performed identify important parameters and their interaction
and suggest how sensitive the reference case failure probahilities are to uncer-
tainties in the input data. The results presented are conditional probabilities;
that is, the probability of failure of a RPV weld given that the pressurized
thermal shock transient under consideration occurs. To convert the results
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j presented here into failure rates, the frequency of occurrence of the transient
: considered must be defined. Since the results presented are for an individual
!

weld in the RPV beltline, the total conditional failure probability of the RPV
beltline welds is the appropriate summation of the failure probabilities for

i each weld. If these values are sufficiently low and independence is assumed,

f the failure probabilities for the six welds can simply be summed. If the failure

probabilities become high, the intersection of the weld failure probabilitiesi

must be subtracted.

H.3.1 Reference Case
!

The reference case analysis is defined as follows:
,

*

The Rancho Seco transient (Figure H-7)-

The OCTAVIA flaw distribution,-

' Copper s N(p, 0.25%),-

1

RTNDTo * N(p, 15*F),i -

FLUENCE * N(p, 30%),-

ART - HEDL mean curve, and-

NDT

K and K , treated as random variables.-

Ic g

Figures H-8 through H-12 present the conditional failure probabilities calcu-
lated for the reference case condition. Each figure presents the failure pro-
bability versus the mean fluence for a specified mean copper content and three
mean values of RT Also, plotted across the top of each figure, i:: the

NDTo.
ART calculated using the mean HEDL curve. These shifts are based on theNDT

mean copper content and fluence value in each figure. These curves make it
possible to estimate the failure probability for the beltline region of a PWR
for which the mean values of the random variables can be estimated.

H-11 DRAFT

mm~aagarm_w,-ammmn n m mmar:.:wr- n : ,1 _ ,-



-. .. ..-.-..c..-. _ -.- - - . ~ _ _ ~ _ . . ~ . . . ~ , .

. .

DRAFT *

,

Several important observations can be made regarding Figures H-8 through H-12.
The first observation is that no failure probabilities less than 10 5 are calcu-
lated for any combination of mean fluence copper content, or RT This result

NDTo.
occurs because the Rancho Seco transient will result in an applied K value

y

greater than the assumed mean upper shelf toughness of 200 KSI8ii. for flaws of
3.0 inches or greater depth, and the probability of such flaws existing is near-
ly 10 5 in the flaw distribution assumed. Therefore, the lower limit on calcu-

lated failure probabilities would change for different transients, flaw distribu-
tions, or assumptions about the upper shelf toughness.

The second important observation is that any specified value of failure probability

corresponds within a few degrees to a specific mean value of RTNDT, independent
of the copper content and fluence by which the RT value was achieved. For

NDT
enmple in Figure H-8, based on a copper content of 0.34%, a failure probability
of 2 x 10 5 corresponds to a mean RT value of approximately 255 F to 260*F

NDT
for the three values of RT Similarly, in Figure H-11, based on a mean

NDTo.
copper content of 0.28%, a failure probability of 2 x 10 5 corresponds to a
mean RT of app oximately 255 F for the two values of RT These resultsNDT NDTo.
demonstrate that RT is in fact an excellent criterion for evaluating reactor

NDT
pressure vessel integrity under specified thermal shock conditions. The mean

RT value corresponding to a specific failure probability will, of course, be
NDT

different for different pressurized thermal shock transients.

H.3.2 Reference Case Sensitivity Studies

Sensitivity studies were conducted on the distribution for copper content, initial
RTNDT, fluence, and fracture toughness. In addition, conditional failure pro-
babilities were calculated assuming that specific flaw sizes exist with a proba-
bility of 1.0. Finally, a sensitivity study was conducted for a set of hypotheti-
cal transients with assumed expontial temperature decays and constant pressures.
These cases are intended to provide insight into how sensitive RPV failure
calculations are to thermal hydraulic parameters such as temperature, pressure,
rate of cooldown, and heat * asfer coefficient.
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[ H.3.2.1 Copper Content

Figure H-13 illustrates the results of the sensitivity study on copper content.

| When the standard dev"3 tion for the copper distribution was increased from 0.025%

j to 0.07%, the calculated failure probabilities increased by approximately a
factor of 5.

!

I
4 H.3.2.2 Initial RT

NDT

; Figure H-14 illustrates the results of the sensitivity study on RT When
NDTo.

] the standard deviation for the RT distribution was increased from 15 F toNDTo

) 25*F, the calculated failure probabilities were increased by a factor of approxi-

] mately 3.

H.3.2.2 Fluence

|

Figure H-15 illustrates the results of the sensitivity study on fluence. The

standard deviation for the fluence distribution was increased from 30% to 50%
and decreased to 15%. The increased standard deviation resulted in approximately
a factor of three increase in calculated failure probabilities, while the decrease

f in the standard deviation had little effect on the calculated failure
j probabilities.

i
e

i H.3.2.4 Fracture Toughness
i
$

h

| Figure H-16 illustrates the results of the sensitivity study on fracture toughness.
Three different representations of the fracture toughness distribution were
considered. In the first two cases the normal distribution about the mean fracture,

toughness values for K and K , was maintained but the standard deviation wasIc g,

{ increased to 15% and then 20% of the mean value. In the third case K and KIc Ia
were treated deterministically using the lower bound fracture toughness curves
from Section XI of the American Society of Mechanical Boiler and Pressure Vessel
Code (see Figures H-3 and H-4). The sensitivity study was conducted for a mean
copper content of 0.34% and a mean initial RT f 0 F. Assuming the larger

NDT
standard deviations resulted in less than a factor of three difference from the
reference case failure probabilities for a mean RT f 236 F or less. At

NDT
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higher values of RT the calculated failure probabilities for the assumed
NDT

standard deviation of 15% and 20% were a factor of 50 and over an order of
magnitude greater than the reference case, respectively. When the lower bound
fracture toughness curves from Section XI of the Code were used, the calculated
failure probabilities were one order of magnitude to almost two orders of
magnitude higher than the reference case.

Results of intermediate scale tests conducted at Oak Ridge National Laboratory
suggest that long cracks in large reactor vessels may exhibit " lower bound"
fracture toughness. Several points should be made regarding this hypothesis.
First, the " lower i . nd" performarce was relative to fracture toughness data
generated from smail specimens not all of sufficient size to qualify as valid
in accordance with ASTM-E-399 criteria. Second, cracks that exhibited " lower

'X~

bound"performanceintheORNLtestswerelongflaws({38 inches),andshorter
more realistic flaws are expected to exhibit toughness more closely represented
by the toughness distribution assumed in the reference case. Finally, the inter-

| mediate scale tests performed have exhibited statistical variability in fracture
toughness, but none of them have demonstrated fracture toughness as low as the
ASME Code Section XI toughness curves.

The results of this sensitivity study show that the failure probabilities are

sensitive to the distribution in fracture toughness, especially for mean values

of RTNDT greater than approximately 240 F. Thus, an effort should be made to

better define this distribution. Experience to date suggests that fracture
toughness may be a function of crack length as well as other parameters, and '

that in analyses assuming a bivariate flaw distribution of depth and length, it
I may also be appropriate to consider a relation between crack length and fracture

toughness.
t

H.3.2.5 Simultaneous Increase in the Variability of All Random Variables

| Figure H-17 presents the failure probabilities calculated when all the random
i variables were assumed to show the increased variances used in sensitivity studies,

and K , were treated as random variables and oneincluding one case where K Ic g

t case where they were modelled using the lower bound curves. For the first case
the calculated failure probabilities were approximately an order of magnitude

i
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greater than the reference case, while for the second case (lower bound K andIc
1 K ,) the calculated failure probabilities were almost three orders of magnitudeg
I higher.

:
i

1 H.3.2.6 Flaw Distribution
,

Figure H-18 presents the conditional failure probabilities calculated assuming
i that flaw sizes ranging from 0.125 inches to 2.0 inches exist with a probability
( of 1.0 and for several different mean fluence values and values of RT

NDT'

h
i The curves presented in Figure H-18 are useful because they can be used to calcu-
' late failure probabilities for different crack depth distributions. In Table H-1

the conditional failure probability is calculated for a reactor pressure vessel,

j with mean copper content of 0.34% and mean initial RT f 0 F, assuming a
NDT

flaw distribution less severe than the OCTAVIA distribution assumed in the refer-
ence case. The estimated failure probability for the less severe flaw distribution;

! is 4.7 x 10 5 compared to 7.5 x 10 5 for the OCTAVIA distribution. The relatively

k small difference in the estimated failure probabilities results because the
| flaw distributions considered are not significantly different in the range of
j flaw depths that contribute most to the failure probability. An advantage of

h this approach to evaluating sensitivity to the assumed flaw distribution is

} that it allows easy identification of the range of flaw depths that contribute
most signficantly to the failure probability.

!
!

H.3.2.7 Shift in RT
NDT

; A sensitivity study was conducted using the fluence versus ART relation
NDT

from Regulatory Guide 1.99, " Effects of Residual Elements in Predicted Damage
to Reactor Vessel Materials." Use of the upper bound trendlines presented in

j Regulatory Guide 1.99 is not considered appropriate in a probabilistic analysis
but was considered in this sensitivity study in an effort to quantify the effect
of differences in assumed trendlines. Figure H-19 presents the results generated
assuming ART as predicted by the HEDL trendlir.es and the Regulatory Guide

NDT

1.99 trendlines. Assuming the more severe Regultory Guide 1.99 trendlines in-
creased the calculated failure probabilities by a maximum of nearly two orders
of magnitude.
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H.3.2.8 Upper Shelf

As discussed in Section H.2.1, the results presented in this study are based on
linear elastic fracture mechanics analysis. In the transients of interest,

however, linear elastic fracture mechanics may not ne valid when cracks em
predicted to run deep into the vessel wall where thu material is operatin- in
the upper shelf temperature regime. In the upper shelf temperature regime,
crack extension generally occurs in a ductile mode referred to as tearing rather
than in a cleavage mode as predicted by linear elastic fracture mechanics. In
the reference case analysis, the mean fracture toughness curves were truncated
at an upper value of 200 KSI S ., and it was assumed that if crar.k arrest did
not occur before the applied K reached 200KSIS.,thecrackwouldtearthroughy

the wall. In reality this problem requires an elastic plastic or tearing insta-
bility type of analysis which has not yet been fully developed and validated
for pressurized thermal shock conditions. A study was conducted to evaluate
the sensitivity of the calculated failure probabilities to the assumed upper
shelf value. In this study the mean upper. shelf value was increased to 300
KSI S . 400 KSI S . and infinity and a check was-incorporated for plastic.

instability of the remaining section. The assumed higher upper shelf toughness
values all resulted in the same calculated failure probabilities, as illustrated
in Figure H-20. The calculated failure probabilities with t'he increased upper
shelf values are more than an order of magnitude less than the reference case
failure probabilities for mean values of RT less than approximately 240*F.

NDT
At a mean RT value of 250*F the failure probability associated with the in-

NDT

creased upper shelf toughnesses is approximately a factor of four less than the
referene,. case; and at a mean RT value of 275 F or greater the calculated

NDT
failure probabilities are the same. Thus upper shelf material behavior may
decrease the probability of catastrophic vessel failure for mean RT values

NDT
of 250 F or less but provides very little additional margin at higher values of
RT Two notes of caution are in order. First, recent information suggestsNDT.
that the gradient in fluence attenuation may not be as steep as assumed in
these analyses, and a different model assuming greater radiation damage deeper
in the vessel wall may bring the refernece case and increased upper shelf tough-
ness failure probabilities closer together at a lower value of mean RT

NDT'
Second, the calculated probabilities of crack initiation, which is significant
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from an economic point of view, are unaffected by the assumption regarding upper
; shelf toughness.
J

H.3.2.9 Cladding
4

4

'

For surface cracks as assumed in this evaluation, the stainless steel cladding
will increase the applied stress intensity value due to differential thermal
expansion between the clad and base metal. This effect has not yet been included

,

"

in the fracture mechanics code used in the probabilistic analysis, although it
has been evaluated deterministically. A study was conducted to estimate the
magnitude of the effect of the increased K due to cladding on the calculatedg

failure probabilities. In this study the thermal component of the applied stress

intensity factor, kit, was increased by 10% and 20%. This is a gross approxima-
tion since the actual increase in K will be a function of crack depth and timey

in the transient. However, calculations indicate that for the Rancho Seco

transient the maximum contribution to the thermal component of the applied K
g

is less than 10%. Therefore, the case of a 10% increase in K should be bounding
It

for the Rancho Seco transient as analyzed deterministically. The case of a 20%

increa.;a in kit gives some insight into sensitivity of the assumptions regarding,
'

initial stress in the cladding at normal operating temperature. The results of
the study are presented in Figure H-21. For an increase in K f 10% there is

It
! essentially no change in the calculated failure probabilities for mean surface

f RT values less than approximately 250 F. Above a mean RT f 250 F theNDT NDT
failure probabilities increase by less than a factor of three. Figure.H-22
illustrates the factor of increase in conditional failure probability assuming,

; a 10% increase in the thermal component of the applied stress intensity factor
due to the affect of cladding. For a 20% increase in K the calculated failure

It

i probabilities increase by a maximum factor of approximately 4.
:

r

It should be noted that the differential thermal effect between the cladding,

| and base metal may be more significant for more severe thermal shocks, and caution
- must be exercised in extending the results of this study to those transients.
.

)
:

}

t
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H.3.3 Transient Sensitivity Studies

In addition to the reference Rancho Seco transient, postulated MSLB and turbine
trip with stuck-open bypass valve transients were evaluated using the prob-
abilistic code. The same transients were analyzed deterministically by ORNL in
Reference H.1 and were selected for probabilistic analysis to provide some
estimate of the conservatisms in the deterministic calculations. Also, a set

of hypothetical pressurized thermal shock transients with assumed exponential
temperature decays and constant pressure levels was analyzed to determine the
sensitivity of failure probability to the minimum temperature reached in the
transient, rate of temperature drop, pressure level, and heat transfer coefficient.

H.3.3.1 Main Stalmline Break and Turbine Trip With Stock Open By pass
Value Transients

Figures H-23 and H-24 present the pressure and temperature time histories asso-
ciated with the postulated MSLB and stuck-open bypass valve transients, respec-
tively. The solid lines in the figures represent the pressure and temperature
time histories calculated by Brookhaven National Laboratory using the IRT Code.
Reference H.1 provides details of the assumptions made in performing the thermal
hydraulic calculations. The solid lines in each figure represent the pressure
and temperature time histories calculated by the IRT analysis. The dashed lines
represent the fourth order polynomial fits to the IRT pressure and temperature
time histories used for performing closed form heat transfer and stress analyses.
The applied stress intensity values resulting from these polynomial fits agree
well with those calculated by ORNL using the OCA-1 numerical heat transfer
analysis. Figures H-25 and H-26 present the calculated failure probabilities
for the MSLB and stuck-3 pen bypass valve, respectively, for a longitudinal I

beltline weld with a mean initial RT f 0*F and mean copper contents of
NDT

0.22% and 0.34%. The failure probabilities are very high for both of these
severe thermal transients.

H-18 DRAFT
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| H.3.3.2 Hypothesized Transients with Exponential Cooldowns and Constant

j Pressures
i

| Table H-2 presents the failure probabilities for a set of hypothesized pres-
surized thermal shock transients. The temperature time history in each transient
is assumed to follow an exponential decay defined by;

f T(t) = Tp + (550 - T )ef

where T is the temperature in *F, t is time in minutes, T is the final tempera-
f

ture of the transient in *F, and p is the decay constant in min 1 Three values
of T ,150*F, 225*F, and 300*F; three values of p, 0.05 min 1, 0.15 min 1, andf

0.50 min 1; and five constant pressure levels, 0 psig, 500 psig, 1000 psig,
1500 psig, and 2000 psig were considered for a total of 45 different transients.
Each of these transients was then evaluated for five levels of fluence, 0.5

! 1018 2neut/cm , 1.0 x 1018 2neut/cm , 2.0 x 1018 2 2neut/cm , 3.0 x 1018 neut/cm ,
and 4.0 x 1018 neut/cm2 assuming a mean copper content of 0.30% and a mean initial
RT of 20F. The data presented in Table H-1 have been used to evaluate the

NDT

sensitivity of failure probability to the normalizing factor T RT
f NDT, p, and-

pressure.

1

H.3.3.2.1 T -RT Sensitivity Study
f NDT

Figure H-27 presents failure probability versus~ T - RT f r the three dif-
7 NDT

ferent values of p considered and a constant pressure of 1000 psig. An ideal
normalizing factor would combine the significant transient parameters in such a

'

way that one curve of failure probability versus the normalizing factor could
be used to estimate the probability of failure for any arbitrarily defined tran-
sient. Several factors combining T , , pressure, total temperature drop, and

f

j RT were considered but no combination of these factors yielded a perfectNDT

j normalizing factor. However, for the range of transients considered here, T -
f

| RT is a fairly effective normalizing factor for any specific p and constant
NDT

pressure level. Figure H-28 indicates that failure probability is highly sensi-'

tive to the value of T -RT For example, considering a of 0.15 min 1, a
'

f NDT.

!
J
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decrease in T - RT from -20 F to -70 F results in a factor of approximately
f NDT

150 increase in failure probability.

H.3.3.2.2 Cooldown Rate Sensitivity Study

Figure H-27 indicates a much greater increase in failure probabilities when p
is increased from 0.05 to 0.15 than when p is increased from 0.15 to 0.50.
This observation is more clearly illustrated in Figure H-28 where failure proba-
bility is plotted as a function of p for several values of T -RT and 1000

f NDT
psig constant pressure. The curves illustrate that failure probability is

very unsitive to p in the range below 0.15 min 1 while increasing S beyond
0.15 min 1 increases the failure probability by less than a factor of five.
This is most likely a result of the assumed thermal inertia of the system, and
the sensitvity curves will change if different thermal characteristics are
assumed in the heat transer analysis.

H.3.3.2.3 Pressure Sensitivity Study

Figure H-29 is a plot of failure probability versus pressure for several values
of the parameter T - RT The figure illustrates increasing sensitivity to

f NDT.
pressure as the paramter T - RT increases. For example, for a T -RT

f NDT f NDT
value of -25*F an increase in pressure from 500 psig to 2000 psig results in
approximately a factor of 200 increase in failure probability while a similar
pressure increase for a T - RT value of -120 F increases the failure

f NDT
probability by only a factor of 5. Thus pressure is a more important parameter
in the transients where the minimum temperature is near the value of RT

NDT
rather than well below it. It should be noted that for a pressure level of 0.0
psig, the failure probability is zero. Thermal Shock Experiment 6 recently
completed at ORNL demonstrated tht although severe cracking may occur under
the condition of no pressure, thermal stesses alone are not sufficient to drive
a crack through the RPV wall.

H.3.3.2.4 Heat Transfer Coefficient Sensitivity Study

Figure H-30 presents the results of a sensitivity study conducted on heat transfer
coefficient. The two curves in the figure present RPV failure probability versus

H-20 DRAFT
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heat transfer coefficient, h in BTV/hr/ft2 of, for two different hypothetical
j exponential cooldowns. One has a final transient temperature of 150*F while
? the other has a final transient temperature of 200 F. A constant pressure level

of 1000 psig was assumed and the RPV material was assumed to have an adjusted

.]
RT f 250*F. When the thermal conductivity of the cladding is considered,

NDT

] the range of the effective heat transfer coefficient for the thermal hydraulic
! transients under consideration is between 200 BTU /hr/ft2 oF and 400 BTV/hr/ft

*F. The results indicate that over that range, the assumed heat transfer coef-

; ficient can make as much as an order of magnitude difference in the calculated
j RPV failure probabilities. The results presented in this study were enerated

,

2 *assuming an effective heat transfer coefficient of approximately 300 U/hr/ft ,,

2The assumed thermal diffusivity in this study was 0.98 in / min and a constant
| value of 0.332 was used for the parameter (EhtPHA)/(1-MV). Where E is Young's
j Modulus, ALPHA is the coefficient of thermal expansion, and MV is Poisson's
{ ratio.
.

H.3.4 Inservice Inspection Sensitivity Study

i

Sensitivity studies were conducted using Figure H-18 to evaluate the effect of
various levcis of non-destructive examination (NDE) reliability on reactor pressure

] vessel failure probability. Three different functions of flaw non-detection

| probability were considered. The first function for probability of flaw non-
detection was taken from Reference H.2. This function was based on a survey

j of NDE experts. The other two flaw nondetection probability functions. assumed

{ probabilities of non-detection of 0.5 and 0.05, respectively, over the entire
j range of crack depths. The latter two functions were selected primarily for
5 the purpose of evaluating the sensitivity of failure probability to a wide range
!
a of NDE reliabilities. However, they were also intended to correspond to condi-

| tion of rough surface finish and smooth surface finish, respectively. It was
assumed for all functions of NDE reliability that cracks of greater than 2.0 inches
in depth would be detected with certainty. The results of these evaluations;

| are presented in Tables H-3A through H-3C. The first column in these tables

j gives the flaw depth, a, in inches; the seccnd column is the probability of
existence of a crack of depth a as estimated by the OCTAVIA flaw distribution;.

j column three is the probability of non-detection; column four is the probability

i
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of existence of a crack of depth a after performing an NDE (the product of columns
two and three); column five is the conditional probability of failure given the
Rancho Seco transient and existence of a crack of depth a; and column six is4

the contribution to the conditional failure probability of the reactor vessel
weld for each crack depth (the product of columns four and five). The conditional
failure probability of the reactor vessel weld given that the Rancho Seco tran-
sient occurs is given by the sum of the probabilities in column six.

The conditional failure probabilities of a reactor pressure vessel weld following
inservice inspection can be compared to the conditional failure probability ofi

7.5x10 5 before the inservice inspection, from Figure H-8. This comparison

indicates inservice inspections conducted with reliabilities corresponding to
the Reference H.2 report probability of non-detection function or the constant
0.5 probability of non-detection problem will do very little to improve reactor
pressure vessel reliability under pressurized thermal shock conditions. However,

if a probability of non-detection of 0.05 can be achieved, even for small flaws,
then a substantial decrease in failure probability, approximately a factor of
20, will result.

H.3.5 Warm Prestressing Sensitivity Study

A study was conducted to determine the effects of warm prestressing on the cal-
culated conditional failure probabilities for the idealized Rancho Seco transient
that was considered as the reference transient in Section H.3.1. The warm

prestress phenomenon was modelled by simply not allowing crack inioiation at
any time step in the transient for which the applied K value for the simulated
crack depth was greater at the previous time step. No allowance was made for a
possible increase in the allowable K to K ratio above 1.0 resulting fromg Ic
warm prestressing.

For the Rancho Seco transient warm prestressing was very effective in inhibiting
crack extension. The conditional failure probabilities calculated assuming
warm prestressing were less than 10 5 for mean RT values less than 290 F.

NDT

(See Table H-3.)
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] Tab 13 H-2 Cu = 0.30 Cu,= 0.025 F,= 30% Hi = .75p

ETp = 20*F , IRgC15'F OCTAVIAFLAWDISTRIBUTIOgIRT

- T )e hQ HEDL MEAN ART T=Tf + (TgET f

"

Pressure
~~ k .05 h~s~ f 600E -150*F B

.15 .50 .0 .15 .50 .05 .15 .50,
' a(psi) Fluence neut/cm )

.j'
'

0 0.5 x 1088 0 0 0 0 0 0 0
>

s 1.0 x 1088 O O O O O O O
i 2.0 x 108' 2 x 10.s 0 0 4 x 10.s 0 0 07 3.0 x 108' 5.8 x 10.s 0 0 1 x 10 5 0 0 0"I 4.0 x 1088 2.1 x 10 * 3.1 x 10 2 9.1 x 10 8 0 0 0 0

500 0.5 x 108' O 8.3 x 10 2 0 0 0 0 0 0c'. 1.0 x 108' 2.2 x 10 5 2.6 x 10 3 1.1 x 10 2 0 0 0 0 0 0
2.0 x 108' 2.9 x 10 * 2 x 10 2 6.3 x 10 2 0 1 x 10 5 4.8 x 10 5 0 0 0

1 3.0 x 108' 9.3 x 10 4 5 x 10 8 1.3 x 10 8 0 9 4 10 5 0 0 0
; 4.0 x 108' 1.7 x 10 8 8.3 x 10 8 2.1 x 10 8 0 4.3 x 10 * 2.3 x 10.s 0 0 0

1000 0.5 x 108' 2.4 x 10 5 1.2 x 10 8 4.1 x 10,8 0 2 x 10 8 4 x 10 8 0 0 0 k
1.0 x 108' 2.6 x 10 * 1 x 10 2 3xg2 0 2 x 10.s 8 x 10 s 0 0 0

-| 2.0 x 108' 1.7 x 10 8 4.9 x 10 8 1.2 x 10 8 4 x 10.s 1.3 x 10 * 5 x 10 4 0 0 0
3.0 x 10to 5.1 x 10 3 9.8 x 10 2 2.2 x 10 8 3.2 x 10 4 8.1 x 10 4 3.4 x 10 8 0 0 0] 4.0 x 10** 1.1 x 10 8 1.5 x 10 8 7 x 10.s 2.6 x 10.s 9.6 x 10 8 0 0 2 x 10.s

1500 0.5 x 108' 1.9 x 10 * 3.8 x 10 3 1 x 10 2 4 x 10.s 1 x 10.s 1.4 x 10 5 0 2 x 10 s 4 x 10 s.,

d 1.0 x 108' 1.1 x 10 8 2.5 x 10 2 5.6 x 10 2 0 2.8 x 10.s 6.6 x 10 ' O 2 x 10 s 4 x to.s'

2.0 x 1088 6.2 x 10-7 9.1 x 10 2 1.9 x 10 8 2.8 x 10 6 6.1 x 10 * 2 x 10 8 0 2 x 10 8 4 x 10 8
i' 3.0 x 10 ' 1.7 x 10 2 1.6 x 10 8 1.8 F'10 4 3 x 10 8 9.1 x 10 2 0 4 x 10 s 8 x 10.s8

1.2xgs 3.2 x 10-/# )4.0 x 1088 3.4 x 10 2 2.4 x 10 8 4.4 x 10 4 8.2 x 10 8 2.3 x 10 8 0

| 2000 0.5 x 108' 5.5 x 10 * 1.0 x 10 2 2.1 x 10 8 2 x 10 5 3.6 x 10 5 2 x 10 8 1 x 10 5
1.0 x 108' 2.7 x 10 7 4.9 x 10 2 9.4 x 10 2 1.8 x 10.s 9 x 10 8# 2.7 x 10 * 2 x 10 8 1 x 10 8 1.4 x 10 5
2.0 x 108' 1.6 x 10 2 1.5 x 10 8 2.8 x 10 8 1.7 x 10 * 2.1 x 10 8 5.1 x 10 8 2 x 10 s 1 x 10 5 1.4 x 10 5
3.0 x 108' 4.0 x 10 2 2.6 x 10 8 6.7 x 10 * 8.7 x 10 8 2 x 10 8 2 x 10.s 2 x 10 8 3 x 10 5
4.0 x 10** 6.6 x 10 2 2.6 x 10 8 1.6 x 10 8 2.1 x 10 8 4.4 x 10 8 1 x 10 5 .+. f x 10-0 1.2 x 10 *

(n.1;

,

|
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TABLE H-3A: A Marshall Report Probability of Nondetection
|

a P(a) P(Non-Detection) P(a Inspection) P(Failure) P(Failure)

0.125 0.83 .69 .57 0 0

| 0.25 0.16 .49 .78 5x10 5 3.9x10 8
q 0.50 4.2x10 8 .24 1.0x10 3 1.0x10 2 1.0x10 5

1.00 4.1x10 4 .061 2.5x10 5 5.4x10 2 1,4x10 8
1.50 1.3x10 4 .018 2.3x10 8 5.6x10 2 1.3x10 7

; 2.00 4.2x10 5 8.1x10 3 3.4x10 7 4.5x10 2 1.5x15 8
| CONDITIONAL FAILURE PROBABILITY 1.5x10 6
!
j TABLE H-38 Constant 0.50 Probability of Non-Detection

f a P(a) P(Non-Detection) P(a 1 Inspection) P(Failure) P(Failure)
\

; 0.125 0.83 0.50 0.42 0 0
' O.25 0.16 0.50 0.08 1.5x10 4 1.2x10 5

0.50 4.2x10 3 0.50 2.1x10 8 1.0x10 2 2.1x10 5
| 1.00 4.1x10 4 0.50 2.1x10 4 5.4x10 2 1.1x10 5
! 1.50 1.3x10 4 0.50 6.5x10 5 5.6x10 2 3.6x10 8
| 2.00 4.2x10 5 0.50 2.1x10 2 4.5x10 2 9.5x10 7
!

CONDITIONAL FAILURE PROBABILITY 4.9x10 6

TABLE H-3C: Constant 0.05 Probability of Non-Detection
f
' a P(a) P(Non-Detection) P(a 1 Inspection) P(Failure) P(Failure)

0.125 0.83 0.05 4.2x10 2 0 0
' O.25 0.16 0.05 8.0x10 3 1.5x1 4 1.2x10 8

0.50 4.2x10 3 0.05 2.1x10 4 1.0x10 2 2.1x10 8
1.00 4.1x10 4 0.05 2.1x10 s 5.4x10 2 1.1x10 7
1.50 1.3x10 4 0.05 6.5x10 8 5.6x10-2 3.6x10 7
2.00 4.2x10 5 0.05 2.1x10 8 4.5x10-10 2 9.5x10 8,

'

CONDITIONAL FAILURE PROBABILITY 3.8x10 6

,
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Based on the above studies it can be concluded that for transients whose thermal
hydraulic characteristics ensure warm prestressing conditions, the probability
of RFV failure can be significantly reduced.

H.3.6 Flaw Orientation Sensitivity Study

Results presented thus far have concentrated on the longitudinally oriented
beltline welds. The volume and orientation of weld material in the reactor vessel
beltline region depends on whether the beltline shell was fabricated from rolled
plates or forged rings as illustrated in Figure H-1. Several operating vessels
are fabricated from ring forgings or have limiting values of RT ss ciated

NDT
with circumferential welds.

The orientation of the beltline welds is significant in the evaluation of pres-
surized thermal shock transients because flaws oriented in a circumferential
direction have a lower propensity for extension than those oriented parallel to
the longitudal axis of the vessel. The circumferential1y oriented crack has a
lower propensity for crack extension because it is subject to a pressure stress
only half as great as the longitudinal flaw and because the applied stress inten-
sity factor is lower due to the increased bending stiffness of the cylinder
about its azimuthal axis. In addition, these two factors also create a greater
propensity for crack arrest in a circumferential1y oriented flaw. Because flaws

in the weld material are genera 11y assumed to'be oriented in the direction of
the weld, reactor vessels fabricated from forged rings with circumferential welds
are expected to have a greater tolerance for pressurized thermal shock loadings
than reactor vessels fabricated from rolled plates with longtudinal welds.

A study was conducted to evaluate the relative differences in integrity between
longitudinally and circumferentially oriented welds. Both determinstic and
probablistic calculations were performed for two different transients. The

transients were the idealized Rancho Seco Transient illustrated in Figure H-7
and the MSLB accident illustrated in Figure H-24. Two dimensional (infinitely
long longitudinal and 360* circumferential) flaws were evaluated using linear
elastic fracture mechanics analysis.

H-24 DRAFT
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The results of the deterministic calculations indicate that the Rancho Seco
^

transient will not cause catastrophic failure of the reactor pressure vessel
for a surface RT less than 350 F (calculated by R.G. 1.99). For a surfaceNDT

j RT f 350 F or lower, the deterministic calculations predict crack arrestNDT

less than halfway through the vessel wall in the linear elastic regime. For a<

s

j surface RT f 370 F, crack arrest is predicted approximately three-fourthsNDT

| of the way through the vessel wall. Although some margin still exists for cir-
r

; cumferentially oriented flaws, this depth of crack extension is approaching the
4

condition where the vessel would fail due to plastic instability of the remainingi
e

ligament. Furthermore, this amount of crack extension leaves little margin for
; tearing of the crack which could occur in low upper shelf materials.
t

The probabilistic analysis of the Rancho Seco transient generally supports the
1

[ conclusions from the deterministic calculations. The failure probabilities

j calculated for the Rancho Seco transient assuming that a 1.0-inch flaw existed
with certainty were less than 10 s for a mean surface RT values of 275 F or

NDT
less and approximately 3.2 x 10.s for mean surface RT f 290 F. Comparable

NDT
failure probabilities for longitudinally oriented flaws were 7.5 x 10 4, 10 2,i

{ and 4.5 x 10 2 for mean surface RT values of 250 F, 275 F, and 290 F, respec-
NDT

| tively. Thus, for the Rancho Seco transient, the failure probability of a circum-
ferentially oriented flaw is at least three orders of magnitude less than that;

I of a longitudinally oriented flaw for mean surface RT values of 290 F or
NDT

less. A comparison of the crack initiation probabilities for longitudinal and
I

| circumferential flaws indicated that the probability of initiation of a circum-
j ferential flaw ranges by approximately a factor of 1000 to 25 less than that of

| a longitudinal flaw for a corresponding range in mean surface RT values of
NDT

215*F to 290*F.

Deterministic calculations for the MSLB indicate that vessel failure due to
extension of circumferential cracks will occur at RT surface values of 226*F

NDT
(calculated by Regulatory Guide 1.99) or greater. Since 226 F was the lowest
RT evaluated, vessel failure might be predicted at even lower values of RT

NDT NDT'
The probabilistic analysis of the MSLB indicated that the probability of failure
of a circumferentially oriented flaw can be as little as a factor of 12 to 3

less than that for a longitudinal flaw for a corresponding range in mean surface
values of RT between 250*F and 290*F. Figure H-32 presents the factor decrease

NDT

,
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in failure probability for circumferentially versus longitudinally oriented
flaws of 1.0-inch and 0.5-inch depths. For a mean surface RT value f 215 F,

NDT
no failures were generated in the simulation analysis. The probability of crack
initiation for the postulated MSLB accident was essentially equal over a range
in mean surface RT values of 215*F to 290*F for the flaw sizes considered.

NDT

In summary, both deterministic and probabilistic evaluations indicate that for

| transients as severe as those which have been observed (the Rancho Seco transient

| being considered the most severe) circumferential flaws will not lead to cata-
,

| strophic vessel failure for relatively high values of RT Furthermore, the
NDT.

|
probability of initiation of circumferentially oriented flaws is significantly
less than that of longitudinal flaws until relatively high values of RT are

i NDT
reached. However, for much more severe postulated transients, deterministic
analyses predict that catastrophic vessel failure can result from circumferen-
tially oriented flaws at relatively low values of RT In addition, probabil-

NDT.
istic analyses indicate a relatively small difference in failure probabilities

{ between circumferential and longitudinal flaws and essentially no difference in
the probability of crack initiation for more severe transients.

H.4 Application of Probabilistic Analyses in Establishing Regulatory Criteria

Probabilistic analysis is a very powerful technique for gaining insight and
understanding of complex technical issues and when used correctly can result
in effective regulation without excessive conservatism. However, misapplication
of the results of probabilistic analyses which may occur due to inadequate

i understanding of the bases upon which they were developed could compromise
|

| safety and economic objectives. In this context, the purpose of this section

is to identify schof the limitations of the work performedgan be most approx- A

imately used in developing a regulatory position on the presdurized thermal
shock issue. y g2 k, ~1 u #S

y tuz , h.; % a '
H.4.1 Limitations of Probabilistic Fracture Mechanics Analyses

'
>

j AsindicatedinSectionH.2.3gthestatisticaldistributionsusedtogenerate
the results presented in Sec' ion H.3 are based largely on expert opinion and

| are subjective in nature. Efforts are currently in progress to assemble improved
|
i
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data bases and develop more rigorous statistical distributions. However, results
generated using improved input data will not be available to assist in developing

( a short-term position on the pressurized thermal shock issue. Uncertainty in,

the statistical distributions used in the model is one of the main reasons fori

I conducting the sensitivity studies presented in Section H.3.2. The results of

| these sensitivity studie:, in which the variability and form of the statistical
I distributions were varied, indicate that uncertainties in the statistical

f distrioutions for copper content, initial RTNDT, and fluence could contribute
as much as an order of magnitude uncertainty to the results presented in

| Section H.3.
i.

) Flaw depth is the random variable with the greatest uncertainty. The sensi-
tivity studies on flaw depth distribution and inservice inspection indicate
that the calculated failure probabilities for the Rancho Seco transient are

; relatively insensitive to. changes in the distribution .for crack depths greater
than approximately one inch. This is because relatively small flaws can
dominate the failure probability due to the nature of the stresses and tough-

i ness gradient associated witt. pressurized thermal shock events. The sensitivity

I studies also indicate that the calculated failure probabilities could change
I substantially given a significant change in the distribution of crack depths.

When the probabilities of all crack depths are altered by a constant factor,
1

the calculated failure probabilities change by approximately the same factor.
Thus, the uncertainty in the calculated failure probabilities is directly
related to the uncertainty in the same crack distribution. Unfortunately,
little data exist from domestic operating reactor vessels that would allow a

! rigorous determination of the flaw depth distribution, particularly in the
range of crack depths less than one inch. The distribution of crack depths has
large uncertainty associated with it and could easily contribute plus or minus
an order of magnitude or more uncertainty to the calculated failure
probabilities.i

The sensitivity studies conducted on fracture toughness indicate that the cal-
culated failure probabilities are very sensitive to the assumed variability in

the fracture toughness data. At high values of RTNDT, relatively small increase
in the variabiilty of the fracture toughness can increase the calculated failure
probabilities by well over an order of magnitude.

H-27 DRAFT
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The above discussion suggests that the calculated failure probabilities could

be underestimated due to uncertainties in copper content, initial RTNDT, and
fluence; the calculated failure probabilities could be over or underestimated
due to uncertainty in the crack depth distribution; and the calculated failure
probabilities could be underestimated due to uncertainties in the fracture
toughness distribution. In addition to these uncertainties, there exist

uncertainties due to elements not considered in the probabilitistic model.
Specifically, the toughness of the stainless steel cladding which may be great
enough to inhibit the initiation of small flaws and warm pre $tressing which ~

may inhibit crack extension were not considered. If, in fact, the vessel-

cladding does maintain high toughness in the range of fluence levels of
interest, the extension of finite ela,psed cracks could be inhibited and the
failureprobabilitiesmaybegreatlyovehstimated. Similarly, warm
pre stressing which will be effective for a large cless of pressurized thermal

#
s events would greatly reduce the calculated failure probabilities for
such events.

Work is continuing to better quantify the confidence levels that can be
associated with the calculated failure probabilities. However, based on the

currently available data and analysis it appears that plus or minus two ordersj

of magnitude is a reasonable estimate of the uncertainty associated with the
i calculated failure probabilities.

1

H.4.2 Application of the Probabilistic Fracture Mechanics Results

The discussion of the previous section suggests that the results which have
been presented are most appropriately used in a relative sense for identifying
significant variables and variable interactions. Because of the uncertainties
associated with the calculated failure probabilities, use of the results in an

absolute sense to establish an RT screening limit would be inappropriate.
NDT

Nonetheless, there does exist a tendency to view the results in an absolute
sense when evaluating proposed regulatory requirements. Furthermore, there is

a desire to view the results in an absolute sense when performing a proba-
bilistic risk assessment. Utilization of the results in these manners is
useful in evaluating a regulatory position, but the limitation,50f the analysis
as discussed in the previous section must be kept in mind.
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h
Iri conclusion, it is suggested that the regulatory criteria should be based on
deterministic fracture mechanics analyses and tifat the probabilistic analyses,.

not be used as '.ae basis for developing such criteria until such time as
,

f greater confioence in the probabilistic analyses can be attained. It is

. suggested, however, that the probabilistic analyses be used, with caution, to
.

check'deterministically derived criteria relative to desired margins of
| safety.
t
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APPENDIX J

FLUENCE RATE REDUCTION TO PWR PRESSURE VESSELS

I .1 Introduction

The NRC staff, as part of its evaluation of the Pressurized Thermal Shock (PTS)
problem for PWR pressure vessels (PV), has undertaken a survey of domestic and
foreign PTS experience and an evaluation of various fast neutron fluence rate
reduction concepts (Ref. I.1). The survey included all three PWR vendors and
the eight most affected PWR plants,* that is, those with significant vessel
fluence. The staff found, general agreement among those surveyed as to the
techniques available for fast fluence rate reduction. The reason for this
agreement is the generic similarities of the PWR plants of different manufac-
ture and limited number of options which are considered viable.

The staff evaluation includes concepts for: (1) fluence rate reduction (by
factors of 2 to 3) employing low leakage fuel loading, and (2) reductions (by
factors of 10 or more) using select fuel assembly replacement on the core
periphery with nonfueled assemblies containing stainless steel rods. The

impact of implementing any of these schemes is so plant dependent that it was
not possible tc do more than estimate the impact on the total peaking factor as
part of this ,tudy.

The low leakage fuel loading schemes are also characterized as an "in-out" fuel
loading scheme in contrast to the usual "out-in" loading scheme. The "in-out"
("out-in") refers to fuel assembly movement during refueling from the core
interior (periphery) to the core periphery (interior). In a low leakage fuel
loading scheme, therefore, twice or thrice burned fuel assemblies (or even
poisoned fuel assemblies) are placed on the core periphery. In our evaluation

A

Fort Calhoun, San Onofre, Oconee-1, Maine Yankee, Calvert Cliffs-1, H. B.
Robinson-2, Turkey Point-4 and Three Mile Island-1.

1-1 DRAFT
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we used stainless steel rods in the nonfueled assemblies. Other choices,
however, could be made for the stainless steel rods.,

This report also includes a survey of foreign reactor experience with respect
! to fluence rate reduction to the pressure vessel.

I

!
I.2 Survey of Licensees, Owners' Groups, and Vendors

The staff visited Combustion Engineering (CE) and Westinghouse (W). Lengthy

discussions were held with cognizant personnel in reactor physics, thermal-
hydraulics, fuel management, and licensing. A visit could not be arranged with
Babcock & Wilcox (B&W) so that information was obtained with a telephone con-
ference call. The vendors were asked to discuss (1) the reduction of peak and,

j longitudinal wcld seam fluence accumulation rates by factors of 2, 3, 5, or 10,
(2) the corresponding impact of fluence rate reduction schemes, and (3) the

i
estimated cost of implementation of various schemes. The same questions that1

we asked the vendors were also asked the licensees of the eight most affected
plants through the NRC project managers (Ref. I.2). These licensees had little
information to offer and, generally, referred us to the respective vendors.

1 Limited cost estimate data was obtained from our survey. Low leakage fuel
' loading schemes (in-out) may result in overall cost savings to licensees

| because of the benefits of extended cycle operation which could accompany such
i schemes. However, extremes of low leakage loading schemes could cost from 1 to

5 million dollars. Replacement of fuel assemblies with stainless steel rodded
assemblies on the core periphery could cost up to 20 million dollars per year
due to derating plus a one-time engineeri'.ig cost of 15 to 25 million dollars.

I.3 Survey of Foreign Exoerience
:

Several foreign reactor plants with radiation induced pressure vessel embrit- )
tlement have been modified or modifications are planned. Such modifications I

l
,

include raising the temperature of the high pressure injection water and '

| reducing the fluence accumulation rate (i.e. , lowering the fast flux to weld
:

.
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seams or plate material of the vessel. In the following we will deal with
'

q modifications related to fluence rate reduction to the pressure vessel. The

; information gathered was the result of a questionnsire directed to several

f countries around the world in the summer of 1981 shortly after the PTS task
j force was formed by NRC (Ref. I.3).
E

I.3.1 Finland
0
i

Loviisa-1 The Soviet built, 420 MWe Finnish reactor was put into operation in

! 1977 (Ref. 1.4). The loading consists of about 360 hexagonal fuel assemblies.
a

The reactor had operated for about 3 years when it was determined that theA

radiation induced weld seam embrittlement was higher than originally estimated.
In 1980, with only 3 years of operation, the estimated nil-ductility transition
temperature increase was 76*C. The originally predicted increase for 40 years

'

of operation was 85*C.

{ It was decided to remove 36 fuel assemblies on the periphery of the core and
replace them with hollow steel rods in a hexagonal shroud identical to that of

7

' the fuel assemblies. The assemblies that were removed represented 10% of the
core inventory. However, there was no reduction in the power level because
the plant had adequate thermal margin. Due to the hexagonal shape of the fuel

I assemblies the azimuthal flux distribution was fairly uniform varying from .73

q to 1.00. The peak fast neutron flux decreased by a factor of about 7. The
i

( new flux peak appeared in the location of the previous minimum, reduced by a
factor of 2.8 from .73 to about .25 (estimated nonpeak value between .22 to
.30). This modification along with an increase in the temperature of the
emergency injection water and changes to the emergency operating procedures is
expected to provide adequate protection for the remaining life of the plant.

Loviisa-2 This is a sister plant to Loviisa-1 that was put into operation in
1980. The Finns could not decide from cost effectiveness considerations
whether a modification similar to that for Loviisa-1 should have been imple-
mented during the first cycle in Loviisa-2. Nevertheless the same
modifications could be made in a later cycle.

:

h

f

I-3 DRAFT

. . . . - , - . ~ . - m m .m m_ ,m -.., m , , - , ~ - - y , -



_ - --
_ _ _ -. - -_

. .

DRAFT *

.

No information is available to us on surveillance programs, neutron transport
calculations, uncertainties or specific fluence values.

I.3.2 Germany (Obrigheim and Stade)

The PWR plants in the Federal Republic of Germany (FRG) have pressure vessels
with only horizontal weld seams, hence, the azimuthal position of the peak
fluence is immaterial * and the concern is in the irradiation of the base metal
(Ref. I.8). An extensive surveillance program has been instituted in all FRG
PWRs. Present estimates indicate that at the end of the 40 EFPY of operation
there would be excessive irradiation of the pressure vessel of Stade and
Obrigheim and that fuel assembly substitutions to lower the projected peak
fluence would be needed. These reactors are very similar to Westinghouse
plants, hence, we surmise that the azimuthal distribution has localized peaks.
Because there is no discussion of potential consequences we assume that element
substitution will be of a limited extent with no power derating. The Stade

reactor has been using a low leakage loading (Ref. I.6) for the last few
cycles. The estimated end of pressure vessel life fluence for Obrigheim is
somewhat higher than that estimated for Fort Calhoun and for Stade is consider-
ably lower than most American pressure vessels (Ref. I.5). The Federal Ministry
of Internal Affairs of Germany in its August 10, 1981 reply to the NRC
questionnaire indicated that nonfueled assembly replacement was contemplated

(Ref. I.7) for these two reactors.

I.3.3 France

Recent information received from the French (Central Service for the Safety of
Nuclear Installations) (Ref. I.8) indicates that a program for the study of
material embrittlement was instituted about 10 years ago. This program has

only recently been expanded to include pressure vessel dosimetry. No defini-
tive plans are known at this time for pressure vessel fluence rate reduction
modifications.

A
The PWR at Gundremmingen, currently under construction, has longitudinal
welds.
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I
| 1.3.4 Other Countries
!

|
Replies to the NRC questionnaire have been received also from Italy, Spain,
Sweden, Korea, and Japan. However, none of the operating utilities have taken,

! any steps to lower fluence rate to the pressure vessel. All show awareness of
g the problem. Surveillance programs have been established in Sweden and Jarc1.

I.4.0 tvaluation of Fast Fluence Rate Reduction Schemes
i
a

[ In order to assess independently a number of fluence rate reduction schemes,
! an evaluation was performed for the staff by its consultants at BNL (Ref. I.9).

From the eight most affected PWR reactors, three plants, Oconee-1, Fort Calhoun
and Robinson-2 (one from each PWR vendor), were selected for the staff evalua-

?

| tion. These plants were selected because of the availability of plant-specific
data and the relatively large vessel fluence. Table I-l presents some pertinent
information concerning these plants. Included in the table are the vendors'

d
1 and our consultant's estimate of the present and end of vessel life fluence.
!

|
The approach taken by the staff in performing this evaluation was:

(a) To use the transport theory code DOT 3.5 to calculate the fast fluence to

[) the pressure vessel. The calculations were two-dimensional and used

i 16 neutron energy groups. The BNL methods have been benchmarked to a
i number of tests and are comparable to those used by the vendors.
<

,

4

(b) To use as-built dimensions, material compositions and measured values of ,

the neutron source to evaluate H. B. Robinson-2, Oconee-1, and Fort
Calhoun.

(c) To calculate for each of these plants the (1) current values of the peak
fluence at the longitudinal welds, (2) projected value of the peak fluence
to the end of 32 effective full power years (EFPY), (3) fluence attenua-
tion through the pressure vessel, (4) fluence time spectra at various
wall thicknesses, (5) pressure vessel fluence azimuthal distribution, and

(6) end of vessel life fluence value for various fluence rate reduction
schemes.

i
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(d) To evaluate the impact of these modifications in terms of the potential

| increase in the total peaking fcctor.
1

(e) To compare the staff's calculations to similar calculations from the
,

licensee or vendor when possible.

.

Since the fluence to the pressure vessel is caused primarily by the fast
neutrons in the peripheral fuel assemblies, schemes for reducing fluence
accumulation rate to the pressure vessel fall into two main classes. The

first class is designed to lower the neutron leakage from the periphery of the
core by lowering the power level of the peripheral fuel assemblies. The

'

second class is designed to lower the fluence rate to the pressure vessel by
placing a thick metal shield between the core periphery and the pressure
vessel. This second class of fluence rate reduction schemes will not, however,
be discussed further because of the lack of space between the ctre and vessel
to accommodate large thicknesses of metal.

The first class of fluence rate reduction schemes considers the lowei ing of
the peripheral fuel assemblies' powers by (1) using low leakage fuel loadings,
and (2) removal of fuel assemblies and replacement with assemblies containing
stainless steel rods. Note that the use of nonfueled assemblies contains
elements of both classes of fluence rate reduction schemes. The power of the
reactor could also be lowered in order to reduce the peripheral assemblies'
powers. This power derating was not considered in our evaluation. Ins,tead,

the assumptions in the staff evaluation are (1) the total power of the rector
is constant, (?) the shape of the power distribution remains the same from the
periphery toward the center of the core, (3) the maximum linear heat generation
rate is assumed constant, and (4) the core flow is assumed constant.

Since the PTS problem solution will be plant-specific, no attempt was made to
optimize core fuel loading patterns on a cycle-by-cycle basis to lessen the
impact on fuel cycle economics or to assess the impact on normal operation,
transients, and accidents. Only a rough estimate was made of the impact in
terms of a potential increase in the total peaking factor.

I-6 DRAFT
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; Some of the plant-specific factors include, among other things, the location
of the weld seams in the pressure vessel, the copper and nickel content of the

'

weld seams, the core power and size, the peripheral fuel location, the presently
accumulated fluence, the fuel unagement scheme presently employed, and the
location of the peak fluence on the vessel. An example of one of these plant-
specific items is the weld seam location for the three plants. Figure I-1

shows the three weld seams at Oconee-1 folded onto a quarter core. The Fort
Calhoun weld seams are shown in Figure I-2 folded onto an eighth of the core.
Figure I-3 shows the weld seams at H. B. Robinson-2 folded onto an eighth of
the core.'

* Calculations were performed by BNL for the three plants to evaluate the low
leakage fuel loadings and peripheral element replacement with assemblies
containing stainless steel rods. Similar results were obtained for all three

plants. The conclusions of our analysis agreed wih statements made by the
parties we talked to in our survey. These BNL calculations will be reported
in a forthcoming BNL-NUREG report (Ref. I.13).

Table I-2 shows some results from the BNL calculations for Oconee-1 for three
cases in which the ratio of the peripheral assembly power to the core average
power was varied. One should roughly assume the 0.910 power ratio to be
representative of normal out-in fuel assembly loading, the 0.527 ratio to
represent in-out low leakage fuel loading using partially burned or poisoned
assemblies, and the zero power ratio to represent peripheral fuel assemblies
for which the fission source was artificially zeroed (not achievable in
practice). Table I-3 shows the same results in a different format giving the
fluence for the remaining 28 EFPY in terms of the relative fluence rate to the
peak longitudinal weld seam for the original out-in fuel loading. Two addi-

tional cases are also shown in Table I-3. Both of these cases are representative
of fuel element removal and replacement with stainless steel assemblies. In
one of the cases the stainless steel rods are spaced in the same way as fuel
rods while in the other case the rods are more closely packed with additional
stainless steel rods. Both Tables I-2 and I-3 clearly demonstrate the fluence
rate reducton factors that are possible for the two fluence rate reduction
schemes. Table I-3 further demonstrates the effectiveness of including
stainless steel rods in the replacement assemblies.

I-7 DRAFT
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Figure I-4 shows in graphical form the fluence rate reduction factor for the
remaining 28 EFPY (data from Table I-2) for the original peak vessel fluence
location as a function of peripheral fuel assembly power. The results are
linear as a consequence of our assumptions and modeling.

The fast neutron flux attenuation through the pressure vessel is shown in
Figure I-5. The curve is nonlinear but shows more than a factor of 10 reduc-
tion in flux en the outside wall of the pressure vessel. This figure allows

the estimatica of fluence rate accumulation at various positions within the
pressure vessel when the fluence rate is known on the inside wall of the
vessel.

Figure I-6 provides a summary of the staff's evaluation for Oconee-1 showing
results for a number of fluence rate reduction schemes as a function of effec-
tive full power years of operation. Shown in the figure are the licensee's

FSAR value as well as the vendor's (B&W) estimate of the vessel fluence for
the current in-out low leakage fuel loading scheme. Note that the staff's

evaluation for low leakage fuel loadings closely agrees with the B&W results
and both results are about half of the FSAR estimate. Three other evaluations
for element removal and replacement with stainless steel assemblies are shown
in the figure. Pattern 1 refers to the removal and replacement with stainless
steel elements of the entire peripheral row of elements. Pattern 2 was chosen
so that the fluence rate to the weld seams could be reduced with a minimum
number of assembly substitutions. Pattern 3 was chosen to reduce the power
peak at the core flats caused by Pattern 2. For Patterns 1, 2 and 3 fuel

assembly removals and substitutions numbered 40, 20, and 32, respectively.

Figure I-7 provides a summary similar to that of Figure I-6 of the staff's
evaluation for Fort Calhoun. Shown in the figure are the licensee's FSAR

value as well as the vendor's (CE) estimate of the vessel fluence for the
current fuel loading scheme. Note that the staff's evaluation for the current
fuel loading scheme is in reasonable agreement with the CE results and both
results are about a factor of 2 larger than the FSAR estimate. Staff results

are also shown for two in-out low leakage schemes; in one the peripheral power
is 0.41 of the core average power and in the other the peripheral power is
zero. Three additional cases are shown in the figure for fuel assembly removal

I-8 DRAFT
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and replacement with stainless steel assemblies. The three cases are for the
! removal and replacement of 40, 24, and 16 assemblies.
s

j Figure I-8 provides a summary similar to that of Figure I6 of the staff's
evaluation for H. B. Robinson-2. Shown in the figure is the vendor's (W)
estimate of the vessel fluence for the current fuel loading scheme. Note that
the staff's evaluation for the current fuel loading scheme is a factor of
about 1.5 larger than the vendor's evaluation. Staff results are shown for
the out-in loading scheme for which the peripheral power to the core average,

j power ratio is 0.89 as well as for two in-out loading schemes for which this
" ratio is 0.45 and zero. Staff results are also shown for three patterns of

fuel assembly removals and replacement with stainless steel rodded assemblies.
The three patterns have 36, 20, and 12 elements replaced, respectively, and
represent the removal of the entire outer row of fuel as well as patterns
chosen to reduce fluence rate ;o specific weld seams.

i Table I-1 summarizes the staff su.vey and evaluation of the peak vessel fluence
s
i for the three plants for various schemes and the associated decrease in the
|
| total peaking factor. The table also gives present and end-of-life estimates

f of vessel fluence by BNL, the vendors and the FSAR value for the current fuel
'

management scheme.

;

I.5.0 Conclusions
,

i

The conclusions of the staff survey and evaluation are:

i (1) All vendors and licensees provided similar responses to our survey
inquiries.

7 (2) Presently employed in-out, low leakage loading schemes provide about a
30% reduction of the fast neutron fluence rate as a side benefit derived

; from extended cycle core designs and may represent overall cost savings
,

to licensees.
1

<
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(3) In-out, low leakage loading schemes using twice or thrice burned fuel
i
' assemblies on the core periphery can provide a factor of 2 to 3 reduction

in the fluence rate to the pressure vessel.

(4) If in addition to twice or thrice burned fuel, peripheral assemblies
loaded with burnable poisons are used, a factor of 5 reduction in fluence
rate can be achieved with in-out, low leakage loading schemes.

(5) If one attempted to maintain the core power rating while implementing low
leakage schemes, the power distribution would become more centrally
peaked and would require core redesign and fuel rearrangement to flatten
power and probably would result in plant derating depending on available
plant thermc1 margin.

(6) In-out, low leakage schemes can be used to reduce locally fluence rates,

in areas of peak welds, but may result in slightly higher fluence<

elsewhere and the appearance of peaks at new locations.

(7) The exact impact of in-out, low leakage loading schemes is plant dependent
and cannot be generalized.

t

:

(8) The effectiveness of in-out, low leakage loading schemes is greatest for
plants with large azimuthal flux peaks (CE & W). Implementation in B&W

| plants would probably involve a large number of assemblies because of the
more uniform azimuthal flux distribution.

(9) Reduction of the fluence by factors of 10 or higher can be affected by
peripheral assembly replacement with nonfueled assemblies (e.g., stainless

steel). This can be done locally or uniformly, as needed, depending on
the azimuthal flux distribution and location of weld seams.

,

(10) Use of nonfueled assemblies would result in significant loss of heat
| transfer area (10-15%), reduced core size, increased thermal peaking,

increased linear power generation rates, and increased rod worths. It

would require a new core de:>ign, with different fuel enrichment and new

.
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l transient and accident analyses. New limiting safety system setpoints
would have to be generated and fuel management philosophies would change.

(11) Selected replacement would provide local reductions of fluence by a
factor of 10 or more. If core symmetry is not maintained, however, the
normal means of monitoring core power distribution based on neutron
detectors and 1/8 core symmetry would have to be changed.

t
(12) Use of nonfueled assemblies could result in power derating of perhaps

! 30%.
|

|

'l' (13) Effectiveness of any of these fluence reduction schemes depends on
'

; previous vessel exposures and materials and is less significant once
'

significant fluence has been accumulated.

,

?

!

i

|

,

.
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Table I.1 Vessel fluence for Oconee-1, Ft. Calhoun and
H. B. Robinson-2

Oconee-1 Ft. Calhoun Robinson-2

Total Effective Full Power Years
of Operation (EFPY) As of 12/81 5.1 5 7

(a) Out-in loading EFPY 4 5 7
(b) In-out low leakage EFPY 1.1 - -

Present Vessel Fluence Using
Current Fuel Loading Scheme
(x1018 n/cm )2

(a) BNL calculation 2.70 7.24 21.3
(b) Vendor calculation 2.55 (Ref. I-10) 6.60 (Ref. I-11) 13.8 (Ref. I-12

End of Vessel Life Fluence
(x1018 n/cm )2

I. Using Current Fuel Loading
Scheme
(a) BNL calculation 12.1* 45.9 97.1
(b) Vendor calculation 12.5 (Ref. I-10) 42.0 (Ref. I-11) 65.6 (Ref. I-12
(c) FSAR value 22.0 20.0 51.0

*II. Using In-out low leakage
loading scheme / 11.2 30.0 53.7
(Increase in Total Peaking
Factor (%)) (7) (17) (17)

**III. Using Stainless Steel
Assemblies On Periphery / 1.90 12.7 28.1
(Increase in Total Peaking
Factor (%)) (23) (30) (23)

Out-in loading scheme value is 18.5 x 1018 n/cm ,2

BNL calculation.
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Table I-2 Staff evaluation of flux and fluence to weld seams
) and peak fluence location for Oconee-1

!,

| Weld * Weld Weld Peak Wall
F SA-1430 SA-1493 SA-1073 Location
1

) I. Flux (x1010 2n/cm -sec)

) Fuel Loading method
(a) Out-in, P/F = 0.910 1.59 1.37 1.45 1.84

{ (b) Low leakage, P/P = 0.527 .984 .915 .911 1.11
.

(c) Low leakage, P/P = 0.0 .124 .188 .125 .188,

! II. Fluence for 28 EFFi
f (x1018 n/cm )2

!

j Fuel loading method
j (a) Out-in, P/P = 0.910 13.5 11.7 12.3 15.6
i (b) Low leakage, P/P = 0.527 8.35 7.76 7.73 9.41
) (c) Low leakage, P/P = 0.0 1.05 1.60 1.06 1.60

III. Fluence for 32 EFPY
! (x1018 n/cm )

-

2

[ Fuel Loading Method
! (a) Out-in, P/F = 0.910 16.1 13.9 14.6 18.5
| (b) Low leakage, P/F = 0.527 9.93 9.23 9.20 11.2
! (c) Low leakage, P/F = 0.0 1.25 1.90 1.26 1.90

1.

' See Figure I-1 for weld seam location.

I

i
!

!

!

I

i

t

I

)

.
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| Table I-3 Staff evaluation of the ratio of the fluence rate to the
I weld seams and the original peak fluence location to the
j fluence rate of Weld Seam SA-1430 for the remaining
- 28 EFPY for Oconee-1

h

f Relative Fluence and Fluence Rate Reduction Factor *
i

{ Fuel Loading Weld Weld Weld Original Peak
Method SA-1430 SA-T493 SA-1073 Fluence Location,

i

Out-in, P/P = 0.91 1.00 / 1.00 .863 / 1.16 .909 / 1.10 1.15 / .87
' In-out, low leakage .618 / 1.62 .575 / 1.74 .572 / 1.95 .697 / 1.43
i P/P = 0.527

j In gut, low leakage .078 / 12.8 .118 / 8.47 .078 / 12.8 .098 / 10.2
P/P = 0.0j

f Stainless Steel .049 / 20.4 .103 / 9.71 .057 / 17.5 .077 / 13.0
l Assemblies, P/P = 0.0

Stainless Steel _ .033 / 30.3 .081 / 12.3 .040 / 25.0 .061 / 16.4
Assemblies,** P/P = 0.0

i
| A

First number is the fluence rate ratio; the second number is the fluence rate'

! reduction factor.
! AA
| This case includes nonfueled assemblies with additional stainless steel rods
| in a close packed array.
i

|
1

.

I

!
<

!

8

)
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APPENDIX J

SUMMARY OF NRC STAFF POSITION ON REVIEW OF CONTROL SYSTEMS
!

J.1 Introduction

The following summarizes the staff philosophy on the review and control and
protection systems and delineates actions completed or planned to address the
effects of control systems on plant safety. The following also specifically
discusses the possible impact of control system failures on pressurized thermal
shock and actions which should be considered to minimize the possibility of
control system failures resulting in an excessive plant cooldown transient.

J.2 Philosophy of Separation of Protection and Control Systems

The philosophy on the separation of protection systems and control systems was
developed in the 1960's and early 1970's through interactions between the
regulatory staff and industry. The interactions occurred primarily through
the development of industry standards such as IEEE-279 " Criteria for Protection
Systems for Nuclear Power Generating Stations." The staff did rot dictate a

,

particular philosophy, but rather explored through the standards committees
and early plant licensing reviews various approaches which could be taken
toward reactor protection.

A brief, simplified description of the approach toward protection and control
is as follows. A nuclear power plant must satisfy utility requirements for
the economic production of power. These requirements include plant operation
with a limited number of operators, high plant availability with few unplanned
shutdowns, and the ability to follow the utility grid load demand. The require-
ments for operation are' based largely on matching the capabilities of nonnuclear
plants. Plant control systems to accomplish the desired economic operational
characteristics are established. The control systems, of course, have to be
capable of allowing the plant to perform no'rmal operations with margin to
plant safety limits.
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To assure that safety limits are not exceeded should any system used for
normal operation fail, various protective functions such as reactor trip and,

decay heat removal have been established in the Commission regulations.,

Systems whose primary purpose is to accomplish the protective functions are,

provided to fulfill these requirements.
:

:

One, thus, has two somewhat differing objectives. The first is to allow

normal plant operation within a utility grid which is also supplied by many
non-nuclear plants. For this, control functions have been established. The

second objective is to ensure that even with failures of the operational
equipment, safety limits are not exceeded. For this, protective functions

have been established to assure plant safety.

Once control functions'and protective functions are defined, a decision has to
be made as to whether the same systems should be used for both or whether
separate systems should be used. The philosophy developed through the standards
committees was one in which the protection systems were treated separately.
This allowed a set of guidelines to be established with the intent of ensuring
that protection functions are accomplished with a very high degree of reli-
ability. Having a specific, well-defined group of protection systems to
accomplish required safety functions allows both irioustry and the regulatory
agency to concentrate their efforts and make effective use of limited resources

4

in accomplishing safety goals.
~

.

In development of the philosophy, it was recognized that some limited ties
,

between protection systems and' control systems are appropriate and even unavoid-
able. For example, the systems will always be interrelated through the fluid
process systems. Additional interfaces such as the use of the same sensors
for protection and control were considered acceptable providing appropriate
rules are followed. General Design Criterion 24 and IEEE-279 permit limited
interconnections between protection and control systems and define rules for
implementing these interconnections,

f

J-2 DRAFT

.

74NT *[Mf 7 4M" 9 **"47^9.**"- *- "* '# P 7 s9 ** h-9 ,*P M ' " " * * * # *3N^*F""r



.Tz- . ~ . - . . - u . .- . - -

,. *
*

DRAFT,

;

l J.3 NRC Staff Reviews of Control Systems

i

k NRC staff reviews have been performed on currently licensed plants with the
goal of ensuring that control system failures will not prevent automatic or

f manual initiation and operation of any safety system equipment required to

,
trip the plant or maintain the plant in a safe shutdown condition following
any " anticipated operational occurence" or " accident." The approach has been
to either provide independence. between safety and nonsafety systems or to
require isolating devices such as isolation amplifiers between safety and
nonsafety systems such that failures of nonsafety system equipment cannot

| propagate through the isolating devices to impair operation of the safety
'

system equipment. In addition, a specific set of " anticipated operational
I
' occurrences" and " accidents" have been analyzed to demonstrate that plant trip
l
j and/or safety system equipment actuation occurs with sufficient capability and

on a time scale such that.the consequences are within specified acceptable
; limits. In these analyses, conservative initial plant conditions, core physics

f parameters, equipment availability, and instrumentation setpoints have been
! assumed. Conservative parameters (for example, heat fluxes, temperatures,

pressures, and flows) which could result in core or re .'- coolant system
pressure boundary damage are also assumed. Where active control system
operation would mitigate the consequences of a transient, in general, no
credit is taken for the control system operation. In some cases, credit has
been allowed for the operation of specific control systems in mitigating the
consequences of particular " anticipated operational occurrences." Where this
has been allowed, special design features and/or technical specification
requirements such as periodic testing have been provided.

i
' Where active control system operation would not mitigate the consequences of a;

j transient, no penalties are taken in the analyses for incorrect control system

f actions caused by control system failures. In the case of control systems,
i for example, the loss of forced reactor flow is analyzed assuming the reactivity
I control systems either operate properly or do not operate at all, whichever is

the worst case. A loss of forced reactor flow occurring simultaneously with
an inadvertent rod withdrawal is not considered. Among the specified set of
" anticipated operational occurrences" analyzed are occurrences resulting from;

both mechanistic and nonmechanistic control system failures. The conservative.
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analyses performed are intended to demonstrate that the potential consequences
to the health and safety of the public are within acceptable limits for a wide
range of postulated events even though specific actual events might not follow
the same assumptions made in the analyses.

In general, until approximately one year ago systematic evaluation of control
systems designs had not been performed to determine whether single event

i induced multiple control system actions could result in a transient such that
core or reactor coolant system pressure boundary limits established for " anti-
cipated operational occurrences" are exceeded. Single failures or events
which could induce multiple control system actions such as discussed above do
indeed exist, experience with operating plants indicates that incidents
resulting in transients more severe than currently analyzed as " anticipated
operational occurrences" have a low probability. Recent operating plant
license applicants have been required to address the possibility of multiple
control system actions caused by certain specified events such as a power
supply failure or sensor impulse line failure.

The applicants have been required to identify any power sources, sensors, or
sensor impulse lines which provide power or signals to two ar more control
systems and demonstrate that failures of these power sources, sensors, or
sensor impulse lines will not result in consequences more severe than those
bounded by the analyses of " anticipated operational occurrences" in Chapter 15

| of the FSAR. At this time, similar reviews have not been required of operating
plant licensees. However, the effort on the current license applications will
provide general guidance on whether significant problems may exist on operating
plants.

Until approximately two and one-half years ago systematic evaluations of
control system designs had not been performed to determine whether postulated
accidents could cause control system failures resulting in control actions
which would make accident consequences more severe than presently analyzed.
Accidents could cause control system failures by creating a harsh environment
in the area of the control equipment or by physically damaging the control
equipment. Licensees have, however, now reviewed the possibility of
consequential control system failures which exacerbate the. effects of high

J-4 DRAFT
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energy line breaks and taken action, where needed, to assure that the
postulated events would be adequately mitigated. Similar efforts are also
being performed on plants currently under operating license review.

It should be emphasized that the issue is not whether reactor trip or safety
system equipment action would be defeated by control system failures, butt

I whether control system failures could cause a transient or accident to proceed

| in a manner potentially more severe than currently analyzed. Systematic ,

reviews of safety systems have been performed with the goal of ensuring that
control system failures (single or multiple) will not defeat trip or safety

system action, and both industry standards and staff regulatory guides are
quite clear that this is a design requirement for safety systems including
those used for reactor trip.

|
J.4 Instrumentation and Control System Impact on Pressurized Thermal Shock

Control system failures can cause inadvertent reactor coolant system cooldowns
and inadvertent increases in reactor coolant system pressure. Whether any
credible control system failures can cause unacceptable reactor coolant system
temperature / pressure combinations, however, requires further analyses.

There are control system failures which can cause excessive feedwater flow or
abnormally low feedwater temperature, either of which could lead to reactor
coolant system cooldown. If it is found necessary through review of li.miting
transients, feedwater flow can be terminated automatically with safety grade
equipment following detection of an excessive cooldown. If the problems of

concern are found to be only with the control system (and not, for example,
with feedwater valve failures) then safety grade interlocks could be used to
redundantly override the control system and terminate feedwater. If there is

'

a concern with excessive feedwater caused by valve malfunction (such as a
feedwater control valve failing open) feedwater could be terminated with
safety grade equipment by closing redundant valves or by tripping feedwater
pumps ar.d closing a single set of valves for redundancy. This method of

terminating feedwater flow could, however, require the addition of expensive

k equipment on some plants. Also, analyses would have to be performed to
!

I
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determine if feedwater pump trip or valve closure could be accomplished
sufficiently rapidly to mitigate any transient of concern.

There are control system failures which can cause excessive steam flow through
electric, air, or hydraulic operated steam valves which could lead to reactor
coolant system cooldown. As with the feedwater flow, steam flow could be
terminated with safety grade interlocks or safety grade isolation valves
following detection of excessive cooldown. If a cooldown transient, however,

'

is initiated by a " stuck open" safety valve, it could not be terminated by
safety system equipment since design codes prohibit isolation valves in series
with safety valves.

Inadvertent reactor coolant system pressure increases caused by control system
failure can be terminated by redundantly turning off pressurizer heaters or
redundantly terminating charging flow if shown to be necessary. However, it
should be noted that inadvertent cooldowns of sufficient magnitude will, in
general, result in eventual automatic initiation of safety injection which, in
turn, results in an increase in reactor coolant pressure if operator action is
not taken.

A number of plants currently employ interlocks and valves which are redundant
and at least " quasi-safety grade" to automatically terminate feedwater flow
and/or steam flow under conditions which could lead to inadvertent cooldown,
overfill of steam generators (PWRs), or overfill of reactor vessels (BWRs).

In addition to inadvertent cooldowns or increases in pressure which can be
caused by control system failures, actuation of certain emergency safeguards
systems can cause inadvertent cooldown and consequential increase in reactor
coolant pressure. For example, actuation of auxiliary feedwater on a PWR
following a reactor trip can cause an inadvertent reactor coolant system
cooldown, contraction of water in the reactor coolant system, depressurization
of the reactor coolant system, automatic actuation of safety injection, and
then a repressurization of the reactor coolant system. This could occur if
operator action is not taken to manually control auxiliary feedwater af ter its
automatic initiation. Duiing recent operating license reviews, the Instrumen-
tation and Control Systems Branch has been reviewing the circuits, equipment,

J-6 DRAFT
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and indications used by the operator to control auxiliary feedwater af ter,

i automatic initiation with the goal of ensuring that a single failure will not
t

q cause uncontrolled auxiliary feedwater flow. A staff position on the design
, of the auxiliary feedwater system, including instrumentation and controls, has
i

been proposed and is currently under review by the Division of Safety Technology.
Implementation of this position would significantly improve the failure
tolerance of the auxiliary feedwater system from the standpoint of failures
which could result in excessive plant cooldown.

I

!
'

J.5 Actions Completed or Underway to Detemine Potential Consequences of
Control System Failures

1 The consensus judgment of the NRC staff continues to be that the risk associated
with control system failures is not sufficient to require immediate corrective

. actions. However, to provide added assurance, the following actions are being
or have been taken:

(1) The resolution of Unresolved Safety Issue A-47, " Safety Implications of
Control Systems" will systematically determine if current licensing
practices with repect to control systems are adequate. The plan for

<

g resolution of this issue specifically addresses evaluations to determine
any actions required to prevent control system failures from causing

1

; unacceptable reactor coolant system cooldown or overfill of a steam
generator (PWR) or reactor vessel (BWR).

.

(2) Standard Review Plan Section 7.7 calls for staff reviews to assure that
; failures of control systems will not impair the capability of the protec-

tive system in any significant manner or cause plant conditions more,

severe than those for which the plant safety systems are designed. The

staff has pursued these reviews primarily to ensure that electrical
interconnections between protection systems and control systems are

i implemented such that failures in control system equipment cannot impair
; the operation of protection system equipment. The Chapter 15 design-basis
'

event analyses have also been reviewed to assure that sufficient conserva-
tism has been assumed so that these analyses adequately bound the
consequences of single control system failures. The Instrumentation and

! J-7 DRAFT
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Control Branch has been reviewing control system designs of operating
license applicants to confirm that the Chapter 15 design bases analyses
also bound multiple control system failures initiated by credible failures
of common power sources, sensors, or sensor impulse lines. In addition,

operating license applicants have been requested to review the potential
for control system malfunctions caused by high energy line breaks.
Section 7.7 of the Standard Review Plan was revised in 1981 to be more
explicit on criteria applicable to control systems. Specifically, the

criteria shown in the attached table are now delineated in Section 7.7
and reviews of plants currently under licensing review are performed with
the goal of verifying that the criteria are met.

(3) In September 1979, all licensees were as'ked to review the possibility of
consequential control system failures which could exacerbate the effects
of high energy line breaks and identify appropriate actions, where needed,
to assure that these events would be adequately mitigated. The review
was requested as a result of postulated scenarios involving consequential
control system failures identified by Westinghouse. All licensees responded
to the request and the responses were screened. On the basis of the
review, no specific event leading to unacceptable consequences was identi-
fied and, in general, control equipment locations were such that
consequential failures would be unlikely. Somelicensees,however,d{d
make changes to operating procedures to address the possibility of control
failures.

(4) I&E Bulletin 79-27 was issued to licensees requesting that evaluations be
performed to ensure the adequacy of plant procedures for accomplishing
shutdown upon loss of power to any electrical bus supplying power for
instruments and controls. In their response to the bulletin, licensees

have indicated that corrective action has been taken including hardware
changes and revised procedures, where required to assure that the loss of
any single instrument bus would not result in the loss of instrumentation
required to mitigate such an event. As part of operating license reviews,
we are requesting similar verification by operating license applicants.

J-8 DRAFT
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(5) Implementation of. Regulatory Guide 1.97, " Instrumentation for
Light-Water-Cooled Nuclear Power Plants to Assess Plant and Environs

Conditions During and Following An Accident," and NUREG-0737, "Clarifi-
cation of TMI Action Plan Requirements," will cignificantly upgrade both
the quantity and quality of information available to the operator to
diagnose and respond to control system failures.

(6) In 1979 B&W completed a failure modes and effects analysis and review of
oper=*.ing experience for their Integrated Control System (ICS) and reported
the results in B&W Report BAW-1564, " Integrated Control System Reliability
Analysis." B&W made several recommendations regarding control system
improvements which could be made to improve overall plant performance.
Licensees with B&W plants were requested to evaluate the B&W recommenda-

tions and report their follow-up actions to the staff. Responses were

received and reviewed. Based on the review of BAW-1564 and the responses

to the B&W recommendations, the staff has not identified any specific
control system failures or actions that would lead to unacceptable
Eonsequences.

(7) The Office of Standards Development is coordinating efforts with the IEEE
to establish design criteria for systems important to safety which are

' not covered by and do not need to meet all of the rigorous standards for
safety system equipment but nevertheless may be sufficiently important to

,

safety to be included in the NRC review process.

i

| J.6 Conclusions
f

At this time, the staff knows of no specific control system failures or actions

| which would lead to unacceptable consequences. A variety of efforts are still

underway to determine the potential safety consequences of control system
i'

failures including their impact on pressurized thermal shock. Should these
reviews indicate that additional criteria for control system designs are

' necessary or that specific problems require resolution, appropriate action
l

! will be taken for plants in the licensing process and for plants now in
,

operation.
.
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J.6.1 Stindard Review Plan Guidance for Control System Review

(1) Confirm That The Plant Accident Analyses in Chapter 15 of the SAR Do Not
Rely On The Operability Of Control Systems To Assure Safety.

(2) Confirm That The Safety Analyses Include Consideration Of The Effects Of
Both Control Systems Action And Inaction In Assessing The Transient,

Response Of The Plan For Accidents And Anticipated Operational Occurrences.

(3) Confirm That Consequential Effects Of Anticipated Operational Occurrences
And Accidents Do Not Lead To Control Systems Failures Which Would Result

In Consequences More Severe Than Those Bounded By The Analyses In Chapter 15
Of The S;'R..

(4) Confirm That The Fai. lure Of Any Control System Component Or Any Auxiliary
Supporting System For Control Systems Will Not Cause Plant Conditions

More Severe Than Those Bounded By The Analyses Of Anticipated Operational

Occurrences In Chapter 15 Of The SAR (The Evaluation Of Multiple Independent

Failures Is Not Intended).

-
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APPENDIX K,

i

EFFECTS OF HEATING ECCS WATER ON PRESSURIZED THERMAL SHOCK

J
1

Increasing the temperature of the ECCS water can have a positive effect on PTS
i for LOCA events, where the dominant overcooling results from the injection of
| the cold ECCS water.
?
t

( K.1 Large- and Small-Break LOCAs and Secondary Side Effects

i

f It can be shown by analysis that large-break LOCAs are not considered to be a
I serious PTS problem. This is because in the unlikely event of a large break in

the primary system, high pressure cannot be maintained in the reactor pressure
vessel. Small-break LOCAs (less than two inches equivalent diameter) also are

2 nat a PTS problem because breaks in this size range result in cooldown rates of
less than 100 F per hour. Such transients do not cause large thcrmal stresses.

j Breaks in the range of two up to possibly as large as six inches are of concern.
' These breaks are capable of removing all of the decay heat generated in the

core and do not require or establish natural circulation for decay heat removal.
1

i Mixing of ECCS water in the downcomer is minimized in this case. (See Sec-
4

tion K.3.) In addition, reactor system pressure can remain relatively high
(*1200 psi) for the considerable amount of time required to uncover the break;

(i.e., steam discharge out of the break), or repressurization can occur after
initiation of the break for some plants with high head HPI pumps. This scenario,
loss of natural circulation with high pressure, at present appears to be the
one most likely to benefit from heating ECCS water in order to reduce the PTS

g problem. For secondary side events (e.g. , main steam line breaks), rapid cool-
9 down and depressurization of the primary system can occur. ECCS actuation will
k
a repressurize the primary system. However, since there is no primary system
9

| LOCA, only a limited volume of ECCS water will be injected into the primary
i system by the operator to make up for shrinkage due to cooldown. Therefore, as

; far as PTS is concerned, the cooldown is not affected as much by ECCS injection
1 as by primary to secondary heat transfer. Howe'ver, for certain secondary side
!
; events (e.g., steam and feedline breaks) including steam generator tube rupture,

) interruption of circulation and consequent temperature transients
K-1 DRAFT
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that could be influenced by ECCS water temperature could be possible. At this

time, sufficient analysis has not been done, and conclusions regarding these

| events would be premature.

K.2 Plants Which " ave Raised Their ECCS Water Temperature

Several plants have the capability to heat the ECCS water. Connecticut Yankee

heats the refueling water storage tank (RWST) to 50*F in the winter to prevent
j water in the outdoor tank from freezing. Maine Yankee has a technical specifi-
| cation to maintain the RWST at a minimum temperature of 40 F. The water

currently is heated no higher than 80 F. Yankee Rowe is the only U.S. plant

! that heats its ECCS water substantially above normal ambient temperatures,
i even in the summer. The safety injection tank water temperature is maintained

at 120 F (130 F maximum) to minimize any PTS problem. A review has been

conducted by Yankee Atomic Electric Company to ensure that the increased water
temperature would not adversely impact postulated accidents.

,

L The Loviisa plant in Finland maintains the ECCS water temperature between a
minimum of 113*F and a maximum of 140*F. One of the reasons for this is
because the low pressure ECCS system injects through nozzles directly into the
reactor vessel. There is no mixing in the cold leg, so the ECCS water is
heated to minimize the thermal shock.

K.3 Mixing of ECCS Water

Mixing of ECCS water with water in the reactor vessel has been and continues
to be evaluated through analysis and ex,nerimentation (Ref. K.1-K.3). As long

as adequate reactor coolant flow is maintained, good mixing of ECCS water in
the cold leg downcomer is expected, and heating the ECCS water is expected to
be of little benefit from a PTS standpoint. In the event that loop flow

stagnated, the degree of mixing of ECCS water injected into the cold leg is
less certain. If mixing were minimal, colder ECCS water could contact the
reactor vessel wall, and therefore, heating the ECCS water would be beneficial
in reducing thermal stresses.

.
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APPENDIX L

NONDESTRUCTIVE EVALUATION METHODS

L.1 Detectability of Underclad Cracks

In order to have confidence that an inservice inspection (ISI) could detect
near surface flaws in reactor pressure vessels that would be of interest in a
pressurized thermal shock incident, it is necessary to demonstrate high prob-
abilities of detection for 6.0 mm and larger cracks. Cracks of interest are
both parallel and perpendicular to the clad lay. Weld defects within the
first 25 mm as well as cracks resulting from clad deposition are of interest.
European techniques using longitudinal waves are generally accepted as pro-
viding optimum detection results and have been shown to be effective in detect-
ing 3.0 mm or smaller underclad cracks under the more ideal conditions of
smooth clad and cracks predominantly perpendicular to the clad lay found in
European pressure vessels. Most circumferential welds in U.S. pressure vessels
have been clad using the manual metal arc (MMA) process. This welding process
creates rough and noisy inspection conditions that inhibit inspection effec-
tiveness. The NRC has, therefore, requested the Pacific Northwest Laboratory
(PNL) to evaluate the reliability and effectiveness of these techniques for
inspecting U.S. vessels. (See Section L.2.) Results of tests show that light

grinding of the clad surface (specifically improving the surface roughness by
a factor of 2, from 0.012 in. RMS to 0.006 in. RMS) improves the crack detect-
ability confidence level from low to very high.

Further work is planned to refine the measurement methods for clad conditions,
develop appropriate calibration methods, determine crack detection probabilities
for various inspection techniques, and to establish performance of techniques
for crack sizing. Hence, the surface roughness and cladding noise under field
conditions could be quantified, a criteria estallished for determining if the
cladding conditions permit a valid inspection to be performed, and a procedure
given for an effective inspection.

L-1 DRAFT
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L. 2 Influence of Improved NDE Techniques

PNL has developed estimates to predict the influence of improved vessel
examination techniques on vessel failure and allowable RT

NDT.

Table L-1 summarizes the results of this investigation. Using "best estimates"
on probability of flaw detection, we have attempted to provide bounds for
adjustments in allowable RT to reflect the benefit of optimized vessel

NDT
inspection techniques. Table L.1 shows that the probability of flaw detection
using optimized techniques varies from 50 to 95%, depending on clad type and
surface finish. The corresponding benefit from inspection expressed as an
increase in allowable RT varies from 10 to 33 F. In addition, we have

NDT
provided supporting material for fracture mechanics and NDE in Sections L.2.1
and L.2.2 that indicas methodology used to derive Table L-1.

L.2.1 Fracture Implications of Improved Inservice Inspection

The results of probabilistic fracture mechanics calculations were available to
PNL from the work of Mr. J. Strosnider of NRC (see Appendix H). These results
were used to estimate an allowable increase in RT which could be justified

NDT
on the basis of the estimated probability of crack detection for inservice
inspection (ISI).

Figure L-1 shows trends of the NRC results for failure probability as a function
. of RT Results for the NRC cooling rate curves for parameters E = 0.051,NDT.

0.15, and 0.50 are shown along with other results for the temperature / pressure
curves of the Rancho Seco transient. It was assumed that the range of interest
was a failure rate of 10 4 given the occurrence of a transient. In Figure L-1,

Po is the probability of failure at a given tra. ,ient and RTNDT, and P is the
probability of failure for the same transient but increased value of RT

NDT'
All calculations here were based on the p = 0.15 cooling rate parameter.
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Investigations of the mixing phenomena under stagnant loop flow conditions are
underway in order to better quantify the degree of mixing.

,

!

1

K.4 Maximum ECCS Water Temperature
f
;

i The maximum heating that could be allowed without causing other problems with
ECCS operation has not been calculated. The impact on containment sprays,
pump net positive suction head, and ECCS performance are examples of factors

! that could limit the water temperature. Evaluations such as these would have
to be done on a plant-specific basis.

,

,

a

!
i

|

!

.

|
:
!

1
,

,

l
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hi TABLE L-1
4i
1 ESTIMATED DETECTABILITY OF UNDERCLAD CRACKS

-]: AND ESTIMATED INCREASES IN ALLOWABLE RT
NDT

d
il
h FLAW DIRECTION FACTOR OF ALLOWABLE

j WITH RESPECT PROBABILITY OF IMPROVEMENT (1) INCREASE

] CLAD FINISH TO CLAD DETECTION IN RELIABILITY IN RT FNOT,
li
?! Strip Smooth Perpendicular and 95% 20 to 40 27 to 33 :

.i Parallel I

C
f| Single Wire Smooth Perpendicular 85%, 0.5"-1.0" Flaw 7.4 to 14.8 17 to 24
gj Strip Unground Perpendicular 90%, 1.0" or Greater
j Flaw
1

-| Single Wire Smooth Parallel
j Strip Unground Parallel
N
j Manual Ground Perpendicular and 75%, 0.5"-1.00" Flaw 4.3 to 8.6 13 to 19

~! Parallel
..j

Single Wire Unground Perpendicular and 80%, 1.0" or Greater
Parallel Flaw

Manual Unground Perpendicular and 50%, 0.5"-1.0" Flaw 2.8 to 5.6 10 to 15
.; Parallel 75%, 1.0" or Greater

',! Flaw

(1) Factor of Improvement = Probability of Failure without Inspection / Probability of Failure
with Inspection.

Lower bound assumes flaws are isolated and independent occurrences. Upper bound assumes
3possible occurrence of multiple flaws in a given weld.
d

.
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TABLE L-2 t
i L

IIj ESTIMATE OF FAILURE PROBABILITY WITH AND WITHOUT INSERVICE INSPECTIONi j
s

) {
Failure Probability Ia

ij P(A) P(F/A) P(A) PND
A P(A) P

ND P(F/A) (without ISI) (with ISI) f
:

.i
t.i 0.125 8.3 x 10 2 0.5 0 0 0 tj 0.25 1.6 x 10 1 0.05 1.5 x 10 4 2.4 x 10 5 1.2 x 10 8 !;

i 0.50 4.2 x 10 3 0.5 1.0 x 10 2 4.2 x 10 5 2.1 x 10 8'

1. 0 4.1 x 10 4 0.05 5.4 x 10 2 2.2 x 10 5 1.1 x 10 8
1.5 1.3 x 10 4 0.05 5.6 x 10 2 7.3 x 10 8 3.6 x 10 7

4 2. 0 4.2 x 10 5 0.05 4.5 x 10 2 1.9 x 10 8 9.5 x 10 8
d 2.5 1.3 x 10 5 0.05 - - -

I.l 3.0 5.0 x 10 8 0.05 - - - I

;] 3.5 3.3 x 10 8 0.05 - - -

l b
q Po(F) = 9.7 x 10 5 P(F) = 4.8 x 10 8 [J

|! Notes: (1) Based on data from status report by Jack Strosnider on " Failure Probability of a RPV ' !!| Subject to Pressurized Thermal Shock," March 5, 1982
|F1j (2) 585"R I i S

DT = 0*08Rc hulRE8 r$"5 f"10 gference Case," me n c pper = .34, mean RTN
{j (3) Probability of flaw nondetection (PND) for smooth strip clad ,[

[ :
[..

:
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In PNL's calculations, the decrease in vessel failure probability due to ISI
was first estimated. A trade-off between this decrease with an offsetting
increase in failure probability due to relaxation in RT requirements was

NDT
then performed. Table L-2 illustrates the estimate of failure probability as,

| a function of probability of nondetection of a flaw (PND). In Table L-2:
i
;
'

A = Flaw depth

P(A) Probability of a flaw of depth A in thr. critical weld=i

i

P(F/A) = Probability of failure for the Rancho Seco transient given the
presence of a flaw of depth A

PND(A) = Probability of not detecting a flaw of depth A based on PNL
estimates.

P(A) P(F/A) = Probability of failure without ISI given the occurrence of the

Rancho Seco transient

! P(A) P(F/A) PND = Probability of failure with ISI given the occurrence of
the Rancho Seco transient

,

2

Table L-2 used the best detection capability corresponding the more favorable
: conditions of PNL's flaw detection studies. Results for other inspection con-

ditions are given in Table L-1. The radio of failure probabilities in Table L-2

was 20:1 for the ISI case versus the no ISI case. Turning to Figure L-1,
an increase in RT f 27 F will give an offsetting 20:1 factor in failure

NDT
probability. Therefore, it is estimated for this particular example that the ,

allowable RT can be increased by 20 F with no net increase in failure
NDT

probability provided that no inservice inspection is performed.

It is recognized that the flaw size distribution in the NRC probabilistic
analyses is subject to considerable uncertainties. Therefore, the estimated

flaw size distribution as modified by ISI is subject to the same uncertainties.
However, the relative improvement in reliability due to ISI is believed to be
significantly more accurate than the absolute values of failure probability.

L-6 DRAFT
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The upper bound estimate of the allowable increases in RT is an attec.pt to
NDT

consider the statistical nature of underclad cracks. Evidence suggests that
one can expect either no cracks at all or a large number of cracks. Given a;

large number of cracks is indeed very small (PNDq = 0.0510= 10 13), thus, one
can arrive at vastly different conclusions regarding the benefits of ISI,i

depending on the assumption on the stochastic structure of the flaw distribution.
The upper bound estimate as shown in Table L-1 on the benefit of ISI conserva-
tively assumes that half the flaws in vessels are random occurrences and that the-

remaining flaws occur in groups so to be readily detectable. The assumption
i that all flaws are random occurrences will tend to greatly underestimate the

potential benefits of ISI. On the other hand, it is unreasonable to assume
that random flaws will not occur, since one can be led to accept any level of
embrittlement in a vessel provided that an ISI reveals no flaws.

'

L.2 Flaw Detectability Measurements

Flaw detectability experiments have been carried out on strip clad, single4

wire sub arc clad, and manual clad. Both ground and unground surfaces were

evaluated. The test blocks used for this evaluation were: a 750-mm-dia.,

strip clad pressurizer dropout, two 600-mm square blocks with strip and single-

; wire clad with one side ground and the other as welded *, two small blocks with
ground and unground manual clad. The pressurizer dropout contained through;

clad notches as well as actual thermal fatigue underclad cracks. The two FPRI

blocks contained unclad notches and the manual clad samples contained two
reference reflectors for evaluation of general noise level. The measurements

reported here were taken using a 2-MHz dual beam longitudinal (SEL) 70 transducer,
with 10- by 15-mm elements and focal cross over point of 17 mm. This unit was
considered optimum for the clad conditions and thicknesses (6 to 9 mm) tested.
All measurements were performed manually.

The results of signal amplitudes compared to the signal amplitude of a 3 mm
flat bottom reference reflector are shown in Table L-3. In addition, a blind

test was conducted. This blind test used the pressurizer dropout sample that con-
tained nine actual underclad cracks generated by a thermal fatigue process. The

* Access to these two samples was made possible through J. R. Quinn, Electric
Power Research Institute (EPRI), Palo Alto, CA.
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f cracks were oriented both parallel and perpendicular to the direction of the
'

cladding. The cracks ranged in depth fro.n 0.25 to 0.75 inch through the wall.
! Although none of the three operators had prior kr.owledge of crack location,

each operator detected every crack. The probability of detection cata reported
in Table L-1 are estimates based on an optimized inspection system, our flaw
amplitude measurement and our blind test.

TABLE L-3

FLAW AMPLITUDE RESPONSE

SENSITIVITY STANDARD: 3MM FLAT BOTTOM REFERENCE REFLECTOR

. FLAW DEPTH FLAW RESPONSE RANGE (+) GREATER

SAMPLE TYPE RANGE REFERENCE REFLECTOR

Ground; Strip Clad; Smm to 18mm 0 to +9dB
Underclad Notch

Unground; Strip Clad; Sam to 18mm 0 to +8dB
Underclad Notch

Ground, Single Wire; Smm to 18mm -1 to +10dB
Underclad Notch

Unground; Single Wire; Sam to 18mm -1 to +12dB
Underclad N,tch

Ground; Strip Clad 5mm to 18mm 0 to +11 dB
Pressuirzer Dropout
Underclad Cracks

L-C DRAFT
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'
INSITU ANNEALING

h

Annealing of the beltline region of reactor vessels is a potential remedial
h measure for the PTS problem for vessels that have suffered considerable
o

; radiation embrittlement.
,

f
,

Time-Temperature Effects on Recovery of Properties
|
,

There is a fairly good experimental basis for choosing the annealing temperature
1 and time. From the Naval Rasearch Laboratory, research funded by the NRC has

revealed the effects of annealing at 650 F and 750*F and the effects of reir-
radiation and reannealing (Ref. M.1-M.3). Research at Westinghouse funded by

the Electric Power Research Institute (EPRI) has revealed the effects of
3 annealing at temperatures of 650, 700, 750, 800 and 850*F (Ref. M.4). As

j expected, there is a clear trend toward better recovery of properties at the
3 higher temperatures and at longer times up to one week. In this discussion,

therefore, we will assume that annealing would be done at 850 F for one week,
and that the resulting recovery of fracture toughness properties would be
about 80 percent.

,.

Refrradiation Effects

With regard to the rate at which ART increases upon reirradiation, the data5

NDT
are scattered and somewhat conflicting. The rate of reembrittlemcat should be
as low as that just prior to annealing, and is almost certaily significantly,

lower than that at the start of life. Thus, a plant that annealed its vessel.

after, say, 8 EFPY should expect much more than 8 additional EFPY before4

reaching the same ART Obviously, a better estimate of the reirradiation
NDT.

rate is desired for economic considerations before undertaking annealing; but
for purposes of safe operation in later years, there will be additional
information from test reactor prcgrams and from plant surveillance data.

M-1 DRAFT

g.3n ~ ~r.w ,; w - - - _ , c~x m = m - e ~r -



:

* *

| DRAFT ,

.

!
,

One technical question that has yet to be thoroughly investigated is the
verification test program for a specific plant, which will be required to

' measure the effects of the annealing operation and the reirradiation.

Appendix G of 10 CFR 50 requires that the degree of recovery be measured
,

" ...by testing additional specimens that have been withdrawn from the surveil-
j lance program capsules and that have been annealed under the same

time-temperature conditions as those given the beltline material."

The specimens in most capsules have been irradiated substantially more than
the vessel; hence, measurement of ART f r those specimens after annealing

NDT
should give a conservative estimate of the condition of the vessel. Their use
as a guide to the rate of reembrittlement is not well understood. One alterna-
tive is to test " reconstituted" Charpy specimens from earlier surveillance
capsules, i.e., fabricate,Charpy specimens by welding ends on the broken

9

| halves of specimens that have lower fluences because they were withdrawn from
'

the vessel early in life. Another alternative is to irradiate archive material

to the desired fluence in test reactors and then check the effects of annealing
and reirradiation.

With regard to the feasibility of annealing, NRC staff has the results of the
EPRI study (Ref. M4) and the (potential) advice of vessel fabricators who have
experience in post-weld heat treatment after field fabrication and after repairs.
The EPRI study developed a means of heating by electric resistance elementsi

i supported on a frame that would be lowered into the vessel before the water is

removed. No insurmountable difficulties were reported, but many engineering
details remain to be resolved.

From the standpoint of risk, the main conern seems to be the potential for
distortion of the vessel and the economic risks associated with problems in
reinstallation of the core support structure and the closure head. At 850 F,<

i

some creep and relaxation could occur at regions where there are significant
stresses caused by differential expansion during heatup and cooldown, by
residual stresses, and by the stresses near the supports caused by the dead
weight of the vessel. These problems have not been dealt with very carefully

M-2 DRAFT
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I or completely as yet. From what has been done, it dos not appear that the>

f piping would have to be separated from the vessel. Again, the experience of

.

field fabricators of vessels must be tapped.
<

j Other components that require study of the risks of annealing are the vessel
i insulation, the adjacent concrete and the supports. The movement of the

| vessel relative to the support when heated to 850 F will of course be greater

f than that at the design temperature of 650 F. Also, for those supports where

f the concrete is only a short distance below the vessel nozzle that must carry
the load, the structural integrity of the concrete must not be impaired.

,

In conclusion, it appears that from the safety standpoint the benefits of
r

i annealing are quite clearcut and the risks are low. The risks of annealing
1

are economic risks. There is, of, course, a cost in man-rem and dollars if

f everything goes as planned. The largest uncertainty remains the economic and
exposure risks associated with correction of distortion of the vessel or other

damage if things do not go as planned.

1

!

|
,

I

i
!

i

!
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APPENDIX N
s

FUTilRE CONFIRMATORY STUDIES

r

N.1 Introduction

The following issues relating to pressurized thermal shock require confirmatory
study.

1. Applicability of Liriear Elastic Fracture Mechanics (LEFM) for initi& tion,
propagation and arrest for rcactor pressure vessels subjected to a pres-i

surized thermal shock scenario.

#

2. Effectiveness of Warm Prestress

3. Vessel failure under nonpressurized thermal shock conditions.'

>

i 4. behavior of small finite flaw when subject to PTS conditions.

j

5. Cladding-flaw interaction; bimetallic effects.j
1

|
; 6. Irradiated cladding material and fracture properties.
!

,

7. Arrest on the upper shelf.

! 8. Postarrest performance for a deep crack in upper shelf material toughness.

9. Definition of margin when using RT to set fracture toughness curves.
NDT

'

10. Variation of through-wall fracture toughness degradation.

11. Validation of fracture toughness degradation as a function of fluence for
ferritic welds.

12. Effect of trace elements (copper, nickel, phosphorus) on the embrittlement
rate of RPV steels at reactor operating conditions.

N-1 DRAFT

bn:n.w w ~ =w ::wn~~m m - w- - vc : ., - - - w : -- r .- + -



, _ _ _ .

* *
! DRAFT *

!
*

1

13. Effectiveness of thermal annealing on fracture toughness recovery and
reembrittlement rate.

r
f

14. Establishments of criteria and standards to be applied to any proposed,
in situ thermal annealing of operating reactor vessels.

t N.2 Summary of Prior Studies

s
" Thick section pressure vessel materials have been characterized to form the

basis for fracture toughness and crack growth data in the ASME B&P codes.s

Crack arrest methodology has been extensively evaluated and preliminary specimen
designs developed. Methods of elastic plastic fracture analysis have been
developed and evaluated. Irradiation effects on pressure vessel plate, forging
and weldments, including low-shelf thoughness weldments, have been studied
using compact specimens up to 4 inches thick. Thirteen intermediate testsi

have been performed on nine vessels to validate methods of fracture-failure
analyses, to demonstrate the capability of NDE methods and repair procedures

; in thick sections. Seven thermal shock (unpressurized) experiments have been
performed on thick-section cylinders to demonstrate the applicability of LEFM
in predictions of flaw behavior and to establish the applicability of small

[ specimen toughness determinations in fracture analysis. Unique crack arrest
data have been developed in these tests. Small scale stainless steel cladding
tests have been performed to determine the influence of cladding on flaw
development. Computer codes have been developed to evaluate fracture potential
to define and quantify the prir.cipal variables that need to be considered in
operating systems. The effect of trace elements, such as copper, nickel andt

phosphorus, on the embrittlement potential of commonly used reactor pressure
vessel steels when subject to different levels of neutron bombardment has been
determined. The effect of thermal annealing, at various temperatures or. *.he
fracture toughness recovery of neutron embrittlement steels b s been defined
and quantified. Elastic plastic material fracture toughness testing procedures
have been developed and elastic plastic fracture data basis are being developed
for unirradiated and irradiated reactor pressure vessel steels. Extensive

participation with NRR, code writing bodies (ASME, ASTM), information
dissemination through formal and informal exchanges, and international
cooperative efforts have been maintained.

N-2 DRAFT
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j N.3 Present Programs Addressing Issues
!

The following programs are underway or are planned to address the issues
I identified in Section N.1. The numbers |n parentheses refer to issues in
j Section N-1.
l

* Complete 3 dimensional finite element fracture computer codes [0RFLAW-30
: and ORVIRT-3D] (4)(5)(6)
I
j - completion date: March 1983
)

{
i Complete evaluation of finite flaw behavior (4)

-completion date: December 1982

* Complete development of unified LEFM-EPFM methodolog, considering all
regimes of toughness-(1)(2)(4)(5)(7)(8)
-completion date: September 1983

!

I

i Complete testing of low-shelf weldments (8)(11)*

-completion date: December 1983
i

l

{ Complete testing 1TCT irradiated specimens of present practice steel (11)*

-completion date: September 1983
J

l
' *

. Complete irradiation of cladding material (6)
-completion date: June 1983

* Complete testing of irradiated cladding material (6)
-completion date: December 1984

*
Complete material procurement for KIc (4T) study (7)(9)(11)
-completion date: December 1983

i *
Complete irradiation for KIc (4T) study (7) (9)(11)
-completion date: June 1985

1 N-3 DRAFT
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*
Compiote testing for XIc (4T) study (7)(9)(11)
-completion date: September 1985*

* Complete development of irradiated crack arrest data base (6)(7)
j (9)(10)(11)

-completion date: September 1986

*

| Complete probabilistic fracture mechanics version of Computer Code OCA-2

| (9)
-completion date: September 1982

* Complete Thermal Shock Experiment TSE-7 (1)(3)(4)
-completion date: March 1983i

1

* Complete Thermal Shock Experiment TSE-8 (1)(3)(4)(5)
-completion date: March 1984

1

* Complete Thermal Shock Experiment TSE-9 (1)(3)(4)(5)
-completion date: March 1985

* Complete feasibility study and system design far Pressurized Thermal
Shock Experiments (1)(2)(4)(5)(7)(9)
-completion date: September 1982

* Complete PTSE facility construction checkout (1)(2)(4)(5)(7)(9)
-completion date: April 1983i

t

* Complete PSTE-1 (1)(2)(4)(5)(7)(9)
-completion date: March 1983

* Interim data from testing program will be available at earlier dates in
1984 and 1985.

N-4 DRAFT
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i * Complete PSTE-2 (1)(2)(4)(5)(7)(9),

l -completion date: March 1984
|

1) * Complete development of crack arrest specimen and test procedures (1)(7)
! -completion date: March 1983
|
|

* Complete construction of capsules and begin irradiation of specimens in
dose rate study. (11)(12)(13)
-completion date: October 1982

* Complete dose rate study [show irradiation more closely simulating
operating reactor experience] (11)(12)(13),

-completion date: October 1985
i

* Complete testing of SSC-2 and PSF dosimetry specimens

; (10(11)(12)
-completion date: March 1983

|
'

* Complete variable radiation sensitivity study (11)(12)
-completion date: May 1983

.|
|

* Complete high temperature (454*C) annealing study (13)(14)
-completion date: March 1985

*

|
Complete high temperature (454*C) annealing

.
reembrittlement rate study (12)(13)(14)

! -completion date: May 1986
i

!
* Complete study on the effectiveness of drop weight method of determining

!
NDT and applicability of RTNDT (9)
-completion date: October 1984

4

* Complete program on System Requirements and Standards

development for annealing of reactor pressure vessels (12)(13)(14)
-completion date: October 1984

!
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* Completion of testing irradiated material from KRB Block A pressure
vessel wall (10)(11)(13)(14)
-completion date: October 1983

N4 Applicability of Research

[
l

The research program is integrated with the needs of NRC licensing in addressing
the issue of pressure vessel integrity, both under normal and accident or<

upset operating conditions. Every element of the described program is based
upon the need of NRR to define and quantify methods use for evaluating pressure
vessel safety issues. Every element of the described program is reviewed

' frequently by NRR, from the U.S. industry, and American and International * ' ~

technical community for its appropriateness and applicability to known ori

! anticipated safety issues. The timeliness of this ongoing research is such
j that approximately 70 percent of the issues to be resolved in PTS will be

{ addressed and results obtained by the research effort within Fiscal Year 1983.
| The remaining 30 percent of the intially needed information should be available

as follows: 20 percent in FY 1984, 5 percent in FY 1985, and 5 percent in FY
1986. The planned funding effert is as follows:

FY 1982 FY 1983 FY 1984 FY 1985 FY 1986

$6,650K $6,850K ~$6,000K s$6,000K $$6,000K

It should be noted that though most of the initial data will be developed as
described above, a considerable confirmatory effort must be continued during the
years 1983-1986 to ensure that the results obtained are statistically valid.
Another reason for the extension of the program through FY 1986 is the time
required to carry out an effective irradiation study.

The funding shown above is commi*ced to four contracts through FY 1983 and
thereafter to three contracts.

1. HSST program (ORNL)

2. Pressure Boundary Integrity for Water Reactor (ENSA)
3. Pressure Vessel Simulation (ORNL)
4. Systems Requirements for Annealing (EG&G/INEL, terminates FY 1983)

N-6 DRAFT
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N.5 Confirmatory Studies on Fluence Trend Curves

I

N.5.1 Refinement of Chemistry and Fluence Factors,

,!

: Immediate steps must be taken to scrub down the PWR surveillance data base and

j add data from BWR surveillance. Then a reanalysis is required to refine the
.

j copper and nickel terms and determine what the exponent on fluence should be,

j and whether it should be constant over the whole fluence range. Probably,

q test reactor data should be omitted until later when a time-temperature param-
' eter is better understood. This represents a change in attitude from that on

f _ which Regulatory Guide 1.99 and the MPC trend curves are based. The change

reflects the increasing number of surveillance reports in recent years, more
than it reflects any increased suspicion that test reactor data and surveil-
lance data are separate populations. There is now an EPRI data base in which
the Charpy curves have been fitted by a hyperbolic tangent function and new

4

; values of Charpy shift calculated. These values must be compared with the

| existing data base, which was obtained from curves drawn by eye, and dif-
l ferences reconciled where possible. After these steps are taken; and the new

regression analysis is performed, the results will be incorporated in'

| Revisic.i 2 of Regulatory Guide 1.99.

! N.5.2 Long-Range Effort

r

f There are two refinements that require further input from research efforts
I

) before incorporation in further revisions of Regulatory Guide 1.99. One is

j the change from fluence measured in terms of neutrons / square centimeter, g,

(E > 1 MeV) to fluence rt.easured in terms of a damage function that considers #'

effects of different energy spectra, probably displacements per atom
j (dpa). The other refinement to be expected is a time-temperature parameter

f that accounts for irradiation temperature and exposure time. Both refinements
! are needed to permit the inclusion of test reactor and surveillance data in
I the same data base with complete confidence that they belong in the same

population.

,

,
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N.5.3 ORNL Study

!
i N.5.3.1 Objective and Scope

The objective of this study is to provide an independent probabilistic analysis
of PTS at a rep esentative B&W, CE, and W PWR. The results will estimate the
likelihood of vessel cracking due to PTS, identify what is important (dominant
sequences, important operator actions, etc.) and will identify major uncertain-
ties. The results will also provide a comparison of the risk-redued)n
effectiveness of alernative corrective actions.

The scope of the study is limited to addressing the reliability of pressure
vessel integrity and does not address the consequences of vessel failure. The

study of the three plants, Oconee 1, Calvert Cliffs 1, and H. B. Robinson 2,
will be plant specific. Extension cf this study to a generic analysis of
classes at plants is beyond the scope of this study.

The study will support resolution of USI A-49 in four ways:
i

(1) Confirm understanding of PTS; e.g., how likely is vessel failure? What
are the important event sequences, operator actions, and control features?
How effective are various proposed measures for reducing the likelihood
of vessel failure?

(2) Improve methods for analyzing PTS.

(3) Provido a plant-specific analysis of PTS for three plants.

(4) Provide an improved basis for staff evaluation of plant-specific analyses.

N.5.3.2 Study Plan

The study will use a functional approach rather than a detailed component-by-
component approach. Conceptually the plan is first to identify phenomena that

N-8 ORAFT
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could cause overcooling such as too much feedwater or too much ECC; second, to
identify initiating events; and then to analyze the reliability of functions
that prevent overcooling.

The stedy involves the following steps for each of the three plants.

First, the analysts (ORNL for probabililistic and fracture-mechanics analysis
and LANL/INEL for thermal hydraulic analysis) obtain information on the plant
and understand how the plant operates regarding ovircooling transients.

Then ORNL performs an event-tree analysis to systematically delineate event
sequences that could lead to overcooling and estimates the frequency of occur-
rences of these sequences.

About a dozen of these sequences are selected for detailed analysis by LANL
using TRAC or by INEL using RELAP-5 to calculate temperature and pressure in
the downcomer during the transient. These dozen cases are selected to cover a
range of severity. Initially, in the Oconee study, both TRAC and RELAP-5 are
used to compare and help check out the codes. Subsequently TRAC will be used

to analyze Calvert Cliffs, and RELAP-5 will be used to analyze H. B. Robinson.

The method for assessing these TRAC and RELAP-5 models of specific plants
(including secondary and control systems) is still being developed. Tentative
plans are to calculate plant behavior during a transient such as a turbine
trip and compare the results with plant data regarding behavior of turbine-
bypass valves, feedwater flow, steam generator levels, reactor coolant tempera-
tures, etc. The intent is to verify that the code behaves reasonably in
transients of interest.

I

! For each transient the coolant temperature and pressure calculated by TRAC or
RELAP-5 will be used in a fracture mechanics calculation of the conditional

' probability of vessel failure given that transient occurs. Based on these

results, ORNL will estimate the consequence to vessel integrity for each of
the transient sequences in the event trees. Each of the sequences will then
be sorted into one of a half dozen or so damage bins. These bins will be

! !

N-9 DRAFT
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. identified in terms of how many years the plant could operate before the
t

transients in that bin could crack the vessel. Bins, for example, would be
0-5 yrs. , 6-10 yrs. , etc. The likelihood of vessel cracking will be added up
for all the sequences in each bin to obtain the frequency of vessel-cracking

' vs. effective-full power years. Dominant sequences will be apparent in the
' results.

N.5.4 Status and Schedule

The Oconee probabilistic study started in FY 1982, following a preliminary
survey of available information in the Summer of 1981. The analysis is
scheduled to be completed in January 1983, and the draft report in March 1983.

In July 1982, the owners of Calvert Cliffs and H. B. Robinson agreed to
participate in the study.. These analyses will begin in August and September
1982, respectively. The analyses should be completed in September 1983 with
staff reports completed in November 1983.

N-10 DRAFT
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APPENDIX 0

J SUMMARY OF ORNL FRACTURE-MECHANICS ANALYSIS FOR SEVERAL PWR RECORDEDi

OCA TRANSIENTS *

Fracture-mechanics calculations were made recently for several PWR overcoooling
| accidents (OCAs) that have occurred since 1970, including the 1978 -Rancho

f Seco transient (Ref. 0-1). Information pertaining to these transients is
'

presented in Table 0-1 and Figures 0-1 to 0-6..

aTABLE 0-1 PWR OCA DATA

,

j -

RTVessel Dimensions (in.) NDTo (*F)
Plant Date of Inner Wall Cir. Long.

Accident radius thickness weld weld

H. B. Robinson 4/28/70 78 9.31 -20 -20
H. B. Robinson 11/5/72

) H. B. Robinson 5/1/75
| Rancho Seco 3/25/78 86 8.5 b +60

THI-2 3/28/79 86 8.5 b +20
Ginna. 1/25/82 66 6.5 +20 c

| * Data obtained from Nuclear Reactor Regulation, NRC, 6/16/82.
bData not available.
cForged vessel (no longitudinal welds).

Figures 0-1 to 0-6 describe the primary-system pressure transient and the
coolant-temperature transient in the cold leg upstream of the point where the

' ~

Because of th'e loca' tion of theemergency core coolant (ECC) is injected.
f

temperature measuremen,tg the recorded temperatures are not necessarily accurate
indications of the coolant temperatures in the downcomer. For instance, the,

I injection of ECC would result in a lower temperature, and recirculation of
core coolant through the vent valves in a B&W plant would result in higher

,

temperatures. However, the fracture-mechanics calcuations have been made

using the recorded temperatures in Figures 0-1 to 0-6 as downcomer temperatures.

I

* Contribution by R. D. Cheverton, D. G. Bolls, and S. K. Iskandera of ORNL.

9/12/82 0-1 PTS Rept Job A
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The curves in Figures 0-1 to ' were digitized for input purposes, using
enough time steps to descrit the curves accurately; essentially no smoothing
of the curves was necessary. Thus, the analysis reflects the effect of nearly
all of the irregularitir: in the curves, except perhaps for the pressure curve
in Figure 0-2. For this case it appears that the pressure dropped below 1700
psi but was not recorded. In the calculation, it was assumed for this particular
case that the minimum pressure was 1700 psi.

The fracture-mechanics calculations were performed using OCA-II and the basic
input data shown in Table 0-2.

In the process of making the fracture-mechanics calculations, a search was
made for threshold values of the nil-ductility reference temperature at the
inner surface (RTNDTS) corresponding to incipient initiation (II). Results of
the analysis are presented in the form of sets of critical-crack-depth curves
for the threshold conditions (Figs. 0-7 to 0-18). A summary of the data is
shown in Table 0-3.

In Figures 0-7 to 0-18, the existence of minimum points in the constant K
y

curves indicates that the requisite conditions for warm prestressing (WPS)
exist (dK /dt < 0). However, the existence of more than one minimum wouldg

indicate that K fluctuated with time, and under these circumstaces it is noty

clear that WPS would actually be effective. It was ignored, therefore.
!

. .
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Table 0-2. Input Data for OCA Analyses

Parameter Value

aVessel dimensions See Table 1
.'

Cladding thickness, a/w 0.025
Flaw Type Long axial and continuous circumferential

. on inner surface and extending through
cladding

Range of flaw depths 0.01-0.95
included in analysis, a/w

"

Limits imposed on critical 0.025-0.15
), crack depths, a/w

.

K and K , ASME Section XIIC _ y

s| (K ,) max, ksi [ili.
|

g 200
e

ARTNDT = f(Cu, Ni, F) aFo.27g

f Fast neutron fluence (F) F = F, exp (-0.24a in. 1)

NDT (a)DART
= ARTNDTs '' * * I"'

'

^

ART F 1500NDTs,

dFluid-film heat transfer 300
coefficient (h ),>

f2Btu /hr ft .op
">; Cladding Base Material
i

Thermal conductivity (k), 10 24
Btu /hr ft *F

t Thermal coefficient of expansion 10 x 10 8 8.04 x 10 8
{ (a), *F 1

.

]' Modulus of elasticity (E) 28 x 10s 28'x 10s
$ lbs/in.2
|

'

Specific heat-(c )', Btu /lb *F 0.12 0.12p ,
i Density (p), 1bs/ft3 489 489

Poisson's ratio 0.3 0.3
a
SetsofKyvalueswerecalculatedforeachsetofdimensions.

baRTNDT at the tip of the flaw.
c
aRTNDT at the inner surface of the vessel.,

d dCorresponds to main circulating pumps off.

.
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TABLE 0-3 Results of OCA Analyses

1

Transient Weld" RTNOT ' bop * ,d ins . c

I Robinson 1970 broken loop L 321 (F) 0.93
| Robinson 1970 broken loop C 351 (A) 0.93
! Robinson 1972 L 381 (F) 1.4
i Robinson 1972 C >480 --

Rcbinson 1975 loop C L 354 (F) 1.4,
'

Robinson 1975 loop C C 372 (A) 0.93
J Robinson 1975 loop B L 395 (F) 1. 4
| Robinson 1975 loop B C 440 (A) 1. 2
i Rancho Seco 1978 L 295 (F) 1.3

TMI-2 1979 loop A L 209 (F) 1. 3
TMI-2 1979 loop B L 225 (F)c 1. 3
Ginna 1982 loop B C 378 (A) 0.91

"L and C refer to longitudinal and circumferential'
.

bF and A in parentheses refer to failure and arrest.
c
Small increase in RTDNT, would result in failure.

dCritical crack depth.
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APPENDIX P

CALCULATED RT VALUES FOR PLANTS
NDT

P.1 RT Screening Values for All Plants
NDT

Table P.1 contains the results of the calculations described in Appendix E for
40 operating PWR plants comprising all of those having significant radiation
damage plus all others for which information was readily available. As of June 28,

j 1982, there were 7 recently licensed PWRs omitted.
4

I
- In the column headed " Rec'ommended RT Value f r Screening" separate values

NDT
are given for circumferential and axial welds, because the stress intensity
factors produced by certain transients are different for the two cases. For

many transients for which pressure is high, the critical value of RT is at
NDT

least 30 degrees higher for circumferential cracks. Plants are listed in des-
cending order of RTNDT, taking that difference into consideration. For plants

where the plate or forging governs, its RT value is listed in both columns.
NDT

Repeating from Appendix E, the recommended RT is the sum of the mean initial
NDT

r RTNDT, the mean ARTNDT at the inner vessel wall and the "2-sigma" term.
.

The column titled "RT after 3 additional FPY" was calculated assuming that
NDT

fluence per effective full power years (EFPY) remained the same as the average
' during the service life up to December 31, 1981, i.e., no consideration was

given to changes in fuel management practices at some plants, because the speci-
fics were not readily availabic.,

The increase in RTNDT per EFPY gets progressively smaller with the years. The

median value is 6.5, and the range is from 2 to 17 degrees F per year for the
3 year period shown in the table.

.

t

j The sources of information from the various plants are as follows. The EFPY

f are calculated from data submitted monthly to the NRC for total megawatt hours
I

!

| P-1 Draft
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thermal. This value is divided by the rated thermal power to get effective
full power hours. For fluence, copper, and nickel content, the 8 plants that
had been identified in August 1981 as having potential for sensitivity to a PTS
event-had submitted reports containing the results of a recent review of all
available data. These 8 plants can be identified in the Table by their values
for " Licensee's RT Most of the other plants had submitted detailed informa-"

NDT.
tion on their vessel beltline materials and fluence at the critical locations
in response to an inquiry from the NRC in May 1977. Finally, there were surveil-

lance reports for a number of plants, which contained updated calculations of
fluence at the vessel wall.

P.2 Comparison of NRC and Licensee's Values

For the 8 plants, Table P.1 shows licensee's values of RT For the three CE
NDT.

plants, Table P.1 also shows the values calculated by CE in Appendices to CEN-189.1

(Ref. P.1). These CE values range from 28 to 39 degrees F above the licensees'
values, largely because of differences in the estimates of initial RT For

NDT.
the CE plants, the NRC value of RT falls between the licensee's value and

NDT
the CE value in one case, agrees with the CE values in one case, and falls
18 degrees F above the CE value in the third case. For the three Westinghouse

plants, the NRC value of RT is 17 degrees lower for Robinson 2, and 12 degrees
NDT

lower for San Onofre. For Turkey Point 4, the NRC value is 58 degrees higher,
because the licensee used a surveillance value that happens to fall well below

| the Guthrie mean trend curve. For the B&W plants, the NRC value of RT was
NDT

j 31 degrees higher for Oconee 1 because the NRC treatment of ARTNDT gives a higher

| value than the trend curve from Regulatory Guide 1.99, which B&W used. For

Three Mile Island 1, the NRC value of RT was 59 degrees higher than the licen-
NDT

see's value because: (a) they used an initial value of RT f -14 F whereas
NDT

the NRC used a mean value of 0*F and 2 sigma of 34 degrees F, and (b) they used
Regulatory Guide 1.99 as described above for Oconee 1. Actually, B&W did not

give the values quoted in the Table. Those values were calculated by the NRC,

| using copper and fluence values from proprietary references given by B&W. These

! differences will have to be resolved for those plants that fail the screening
|

| criterion.
|

|
,
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] Table P.1 RT Values for All PlantsII) Calculated Per the Recommendations of the I iET
. Working Group on RT I } for the Vessel Inside Surface

MT
L

|

d Plant EFPY Fluence Copper Nickel Mean Mean 2 Q RT Value as Licensee's RT AIt'' 3ETy NSS$/ Vessel as of n/cm2 % % Initial WRT of c 31, 1981(6) RT
-

NOT ET MtiM EFPY (9)Fabricators 12/31/81 x1018 RTgy, F 'F (5) Circus. Axial 'F Circum. Axial*

.

Robinson 2 7.10 (14.1)(3)(12) (0.35) (1.20) (-56) (295)(4) 34 (4) 281 290 292 (10)(13)
L?)f W/CE 14.8 (3)(12) 0.27 0.20 -56 151 59 154 220 162 (13)
d Fort Calhoun 5.07 (7.04 (0.35) 0.99 (-56) (264)(4) 34(4) 242 (7) 267;j CE/CE 5.1 (8) 0.35 0.99 -56 248 (4) 34 (4) 226 209 (239) 250

i Turkey Point 4 5.67 9.1 (11) (0.32) (0.57) (0) (200) 59 259 211 282 (13)
1 W/B&W No Axial Welds

-} Turkey Point 3 5.67 0 06$-)(11) (0.32) (0.57) (0) (200) 59 259 282(13)
W/B&W No Axial Welds

;;j Maine Yankee 5.90 (5.02) (0.36) (0.99) (-56) (248) (4) 34 (4) 226 (7) 246y CE/CE 4.14 0.36 0.99 -56 238 (4) 34 (4) 216 170 (198) 236 j

Calvert Cliffs 1 4.65 (6.84) (0.30) (0.18) (-56) (135) 59 138 (7) 158
CE/CE 6.84 0.30 0.99 -56 212 59 215 205 (244) 246 jq$1 Indian Point 3 2.98 (1.67) (0.24) (0.52) (+74) (90) 48 212 231'j W/CE Plate Governs 0.24 0.52 +74 90 48 212 231 j

J]
Yankee Rowe 14.56 (11.35) (0.20) (0.63) (+30) (133) 48 211 217

W/B&W Plate Governs 0.20 0.63 +30 133 48 211 217
) Rancho Seco 3.54 (2.33) (0.31) (0.59) (0) (135) 59 194 218 ;

. B&W/B&W 2.05 0.35 0.59 0 148 59 207 233 |l
1~l Three Mile Island 1 3.52 (1.87) (0.31) (0.68) (0) (133) 59 192 (129) 216 ;

3 B&W/B&W (1.87) 0.35 0.60 0 145 59 204 145 230 l
,} Oconee 2 4.71 (2.87) (0.35) (0.71) (0) (172) 59 231 256 |

: B&W/B&W No Axial Welds
3 !~

See footnote (s), last page of table
3 Draft
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k$
'

,i Plant EFPY Fluence Copper Nickel Mean Mean 2 RT Value as Licansee's RT Af ter 3gy
5j NSSS/ Vessel as of n/cm2 % % Initial WRT of c 31, 1981(6) RTOT MDT Additional EFPY (9)
gj Fabricators 12/31/81 x1018 RTNDT, F 'F (5) Circus. Axial *F Circus. Axial

.l.)
*

.

lia Zion 1 4.97 (3.13) (0.35) (0.59) (0) (166) 59 225 247
W/B&W 0.99 0.31 0.61 0 108 59 167 182

'14 Point Beach I 8.07 (10.01) (0.24) (0.57) (0) (151) 59 210 223
g W/B&W 7.34 0.24 0.57 0 139 59 198 210
1I Oconee 1 5.04 (2.73) (0.26) (0.61) (0) (118) 59 177 1939 B&W/B&W 2.32 0.31 0.55 0 132 59 191 160 208

f. Indian Point 2 440 No Circum Data

[ W/CE 2.2 0.34 1.2 -56 211 (4) 34 189 211

Ginna 8.18 (9.49) (0.25) (0.56) (0) (154) 59 213 227
W/B&W No Axlal Weldsg

:" Point Beach 2 7.54 (9.35) (0.25) (0.59) (0) (156) 59 215 230
.!j y/B&W,CE No Axial Welds

'.| Arkansas ANO-1 4.42 (2.70) (0.31) (0.59) (0) (140) 59 199 220.

! B&W/B&W 1.99 0.31 0.59 0 129 59 188 208

[ San Onofre 9.04 (33.45) (0.27) (0.20) (-56) (188) 59 191 203 206
:i W/CE 27.12 0.27 0.20 -56 178 59 181 195

d Zion 2 4.49 (2.43) (0.26) (0.61) (0) (119) 59 178 1%
1 B&W/B&W 0.90 0.35 0.59 0 118 59 177 195

h Palisades 4.12 (4.78) (0.25) (1.2) (-56) (174) 59 177 205
(.g CE/CE 4.78 0.25 1. 2 -56 174 59 171 205

tj Crystal River 3 2.48 (1.44) (0.35) (0.59) (0) (134) 59 193 225
L f; B&W/B&W 1.36 0.31 0.61 0 118 59 177 205
ti
1
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Table P-1 (Cor.tinued)-

2 Q RTofNc31,1981(6) RT
Plant EFPY Fluence Copper Nickel Mean Mean Value as Licensee's RT AII'# 3

NDTN555/ Vessel as of n/cm2 % % Initial WRT
NDT NDT Additional EFPY (9)

_.
Fabricators 12/31/81 x10T8' RTNDT, F *F (5) Circum. Axial *F Circus. Axial

,

Surry 1 4.88 (7.61) (0.25) (0.51) (0) (141) 59 200 220
W/8&W 1.66 0.21 0.59 0 81 59 140 152

Cook 1 4.56 (2.87) (0.40) (0.82) (-56) (222) (4) 34 200 223
W/CE 1.55 3.13 0.99 -56 58 59 61 70

North Anna 1 2.41 (4.42) (0.14) (0.80) (+38) (76) 48 162 181
W/RD No Axial Welds Forging Governs 48 162,

Beaver Valley 1.87 (3.16) (0.37) (0.62) (-56) (179) 59 182 235
W/CE 0.47 0.36 0.62 -56 104 59 107 138

North Anna 2 0.77 (1.38) (0.13) (0.83) (+56) (52) 48 152 184'
W/RD No Axial Welds Forging Governs 48 152

'

Salem 1 2.26 (1.49) (0.24) (0.51) (+15) (87) 48 150 172,

W/CE 0.24 0.51 Plate 87 48 150 172-

. Governs
' Oconee 3 4.78 (2.92) (0.24) (0.63) (0) (112) 59 (171) 186

B&W/B&W No Axial Welds,

Surry 2 4.83 (7.54) (0.19) (0.56) (0) (108) 59 167 IS2
W/B&W, RD 1.64 0.21 0.59 0 81 59 140 151,

! St. Lucie 3.52 (2.22) (0.31) (0.11) (-56) (98) 59 (1011 119
,i CE/CE 2.22 0.30 0.64 -56 132 59 135 159

! Calvert Cliffs 2 3.63 (5.34) (0.30) (0.18) (-56) (127) 59 {130) 149
CE/CE 0.30 0.18 -56 127 59 130 149.

'!
1
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Table P-1 (Continued)
..

(5) e ,(17'F) and og (24*F) are the standard deviations of the intial RT and WRTgy, respectively, from a generic data base. If plate orNDT
;5 forging governed, actual initial RTNOT was available and s,= 0
,3 (6) The sum of the Mean Initial RTNDT, tM wan ARTNDT aM 2Q, [as of Dec. 31 1981.
4
-} (7) Initial RT assumed by Ilcensee to be -50*F and by CE to be -20*F. Values in parentheses are by CE.ET

d (8) Fluence reduced to 0.73 x peak per Telex from Omaha PPD, Sept.1,1982.

:j (9) As determined by average fluence rate to date. Implementation of low leakage fuel regimes would result in lover values of RT
ET*4

y (10) The increase in RTNOT gets progressively smaller with the years but a rough number is Col. 15 minus Col. 11 divided by 3.
..g
j (11) Fluence reduced fron 11.16 n/caz per letter from FPL Aug. 31, 1982, in TP 4. TP 3 tentatively assumed to be the same as TP 4.

f. (12) Fluence increased per letter from CP&L Co. , Sept. 8,1982.

(13) Low Leakage Cores considered.
,
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; Table F-1 (Continued)
. b''.i

Plant EFPY Fluence Copper Nickel Mean Mean 2/o;+g Value as Licensee's RT After 3
,

NSSS/ Vessel as of n/ce2 % % Initial WRT NNc31,1981(6) RT NOT
NOT NOT Additional EFPY (9) .

'

'' Fabricators 12/31/81 x1018 RTNDT, F 'F (5) Circum. Axial *F Circum. Axial !

Trojan 3.00 (2.07) (0.16) (0.62) (+10) (65) 48 123 137i W CBI Plate 48 123 137 !

.

Governs
,

Davis Besse 1 1.68 (1.11) (0.24) (0.61) (0) (85) 59 144 171 !

B&W/2&W No Axial Welds.

1 Haddam Neck 10.92 (14.30) (0.22) (0.10) (-56) (111) 59 #114$ 122
. W/CE 11.90 0.22 0.10 -56 106 59 109 116
- Kewaunee 5.87 ( 7. 86) (0.20) -(0.77) (-56) (129) 59 132 147

W/CE No Axial Welds
,~

Farley 1 2.19 (3.70) (0.24) (0.60) (-56) (117) 59 120 128
} WiCE 0.83 0.27 0.60 -56 89 59 92 112 !

:

Millstone 2 3.91 (2.19) (0.37) (0.06) (-56) (114) 59 (117) 136
'

3

;; CE/CE No Data for Axial Welds
;

x Prairie Island 1 5.62 ( 7. 53) (0.19) (0.13) (-56) .(81) 59 84 94 !'

W/5FAC No Axial Welds *

Prairie Island 2 5.90 (7.90) (0.14) (0.17) (-56) (60) 59 63 70 ,

W/5FAC
j

~
No Axial Welds t

!
* (1) Arranged in descending order of the Recommended RTNOT, considering circumferential to be 30 degress less severe than axial orientations.

(2) Memorandum, M. Vagins to 5. Hanauer, June, 1982.
,

t (3) Values shown in parentheses on top line are for circumferential welds, bottom line is for axial welds. When plate governs--both lines.
|t

(4) Determined by Reg. Guide 1.99, Rev.1. Upper Limit Line, ca = d.
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