PART I

Summary of Plant Results



3. SURRY PLANT RESULTS

3.1 Summary Design Information

The Surry Power Station is a two-unit site. Each
unit, designed by the Westinghouse Corporation,
is a three-loop pressurized water reactor (PWR)
rated at 2441 MWt (788 MWe) and is housed in
a subatmospheric containment designed by Stone
and Webster Engineering Corporation. The bal-
ance of plant systems were engineered and built
by Stone and Webster Engineering Corporation.
Located on the James River near Williamsburg,
Virginia, Surry 1 started commercial operation in
1972. Some important system design features of
the Surry plant are described in Table 3.1. A gen-
eral plant schematic is provided in Figure 3.1.

This chapter provides a summary of the results
obtained in the detailed risk analyses underlying
this report (Refs. 3.1 and 3.2). A discussion of
perspectives with respect to these results is pro-
vided in Chapters 8 through 12.

3.2 Core Damage Frequency Estimates

3.2.1 Summary of Core Damage Frequency
Estimates

The core damage frequency and risk analyses per-
formed for this study considered accidents initi-
ated by both internal and external events (Ref.
3.1). The core damage frequency results obtained
from internal events are provided in graphical
form, displayed as a histogram, in Figure 3.2
(Section 2.2.2 discusses histogram development).
The core damage frequency results obtained from
both internal and external events are provided in
tabular form in Table 3.2. '

The Surry plant was previously analyzed in the
Reactor Safety Study (RSS) (Ref. 3.3). The RSS
calculated a point estimate core damage fre-
quency from internal events of 4.6E-5 per year.
The present study calculated a total median core
damage frequency from internal events of 2.3E-5
per year. For a detailed discussion of, and insights
into, the comparison between this study and the
RSS, see Chapter 8.

3.2.1.1 Internally Initiated Accident
Sequences

A detailed description of accident sequences im-
portant at the Surry plant is provided in Reference
3.1. For this summary report, the accident se-
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quences described in that report have been
grouped into five summary plant damage states.
These are:

) Station blackout,

e Large and small loss-of-coolant accidents
(LOCAs),

e  Anticipated
(ATWS),

e  All other transients except station blackout
and ATWS, and

e Interfacing-system LOCA and steam genera-
tor tube rupture.

transients  without  scram

The relative contributions of these groups to the
mean internal-event core damage frequency at
Surry are shown in Figure 3.3. From Figure 3.3, it
is seen that station blackout sequences are the
largest contributors to mean core damage fre-
quency. It should be noted that the plant configu-
ration was modeled as of March 1988 and thus
does not reflect implementation of the station
blackout rule.

Within the general class of station blackout acci-
dents, the more probable combinations of failures
leading to core damage are:

e  Loss of onsite and offsite ac power and fail-
ure of the auxiliary feedwater (AFW) system.
All core heat removal is unavailable after
failure of AFW. Station blackout results in
the unavailability of the high-pressure injec-
tion system, the containment spray system,
and the inside and outside containment spray
recirculation systems. For station blackout at
Unit 1 alone, it was assessed that one high-
pressure injection (HPI) pump at Unit 2
would not be sufficient to provide feed and
bleed cooling through the crossconnect while
at the same time provide charging flow to
Unit 2. Core damage was estimated to begin
in approximately 1 hour if AFW and HPI
flow had not been restored by that time.

e  Loss of onsite and offsite ac power results in
the unavailability of the high-pressure injec-
tion system, the containment spray system,
the inside and outside containment spray
recirculation systems, and the motor-driven
auxiliary feedwater pumps. While the loss of
all ac power does not affect instrumentation
at the start of the station blackout, a long
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3. Surry Plant Results

Table 3.1 Summary of design features: Surry Unit 1.

1. Coolant Injection Systems a. High-pressure safety injection and recirculation system with
2 trains and 3 pumps.

b. Low-pressure injection and recirculation system with 2
trains and 2 pumps.

c. Charging system provides normal makeup flow with safety
injection crosstie to Unit 2.

2. Steam Generator Heat Removal a. Power conversion system.

Systems

b. Auxiliary feedwater system (AFWS) with 3 trains and 3
pumps (2 MDPs, 1 TDP)* and crosstie to Unit 2 AFWS.

3. Reactivity Control Systems a. Control rods.

b. Chemical and volume control systems.

4. Key Support Systems a. dc power provided by 2-hour design basis station batteries.
Emergency ac power provided by 1 dedicated and 1 swing
diesel generator (both self-cooled).

c. Component cooling water provides cooling to RCP thermal
barriers.

d. Service water is gravity-fed system that provides heat re-
moval from containment following an accident.

5. Containment Structure a. Subatmospheric (10 psia).

b. 1.8 million cubic feet.

c. 45 psig design pressure.

d. Reinforced concrete.

6. Containment Systems a. Spray injection initiated at 25 psia with 2 trains and
2 pumps.

b. Inside spray recirculation initiated (with 2-minute time de-
lay) at 25 psia with 2 trains and 2 pumps (both pumps
inside containment).

¢. Outside spray recirculation initiated (with S-minute time
delay) at 25 psia with 2 trains and 2 pumps (both pumps
outside containment).

d. Inside and outside spray recirculation systems are the only

sources of containment heat removal after a LOCA.

*MDP — Motor-Driven Pump.
TDP — Turbine-Driven Pump.
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3. Surry Plant Results
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Figure 3.2 Internal core damage frequency results at Surry.*

Table 3.2 Summary of core damage frequency results: Surry.*

5% Median Mean 95%

Internal Events 6.8E-6 2.3E-5 4.0E-5 1.3E-4

Station Blackout

Short Term 1.1E-7 1.7E-6 5.4E-6 2.3E-5
Long Term 6.1E-7 8.2E-6 2.2E-5 9.5E~5

ATWS 3.2E-8 4.2E-7 1.6E~6 5.9E-6
Transient 7.2E-8 6.9E-7 2.0E-6 6.0E-6
LOCA 1.2E-6 3.8E-6 6.0E-6 1.6E-5
Interfacing LOCA 3.8E-i1  4.9E-8 1.6E-6 5.3E-6
SGTR 1.2E-7 7.4E-7 1.8E-6 6.0E-6

External Events**
Seismic (LLNL) 3.9B-7 .1.5E-5 1.2E-4 4.4E-4
Seismic (EPRI) 3.0E-7 6.1E-6 2.5E-5 1.0E-4
Fire 5.4E-7 8.3E-6 1.1E-5 3.8E-5

*As discussed in Reference 3.4, core damage frequencies below 1E-5 per reactor
year should be viewed with caution because of the remaining uncertainties in
PRA (e.g., events not considered).

**See “Externally Initiated Accident Sequences” in Section 3.2.1.2 for discussion.
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Figure 3.3 Contributors to mean core damage frequency from internal events at Surry.

duration station blackout leads to battery de-
pletion and subsequent loss of vital instru-
mentation. Battery depletion was concluded
to occur after approximately 4 hours. The
ability to subsequently provide decay heat re-
moval with the turbine-driven AFW pump is
lost because of the loss of all instrumentation
and control power. Using information from
Reference 3.5, approximately 3 hours be-
‘'yond the time of battery depletion was al-
lowed for restoration of ac power before core
uncovery would occur.

Loss of onsite and offsite ac power, followed
by a reactor coolant pump seal LOCA due to
loss of all seal cooling. Station blackout also
results in the unavailability of the HPI
system, as well as the auxiliary feedwater
motor-driven pumps, the containment spray
system, and the inside and outside spray
recirculation systems. Continued coolant loss
through the failed seals, with unavailability of
the HPI system, leads to core uncovery.

Within the general class of LOCAs, the more
probable combinations of failures are:

LOCA with an equivalent diameter of greater
than 6 inches in the reactor coolant system
(RCS) piping with failure of the low-pressure
injection or recirculation system. Recovery of
equipment is unlikely for the system failures
assessed to be most likely and, because the
break size is sufficiently large, the time to
core uncovery is approximately 5 to 10 min-
utes, leaving virtually no time for recovery
actions. All containment heat removal sys-
tems are available. The dominant contribu-
tors to failure of the low-pressure recirc-
ulation function are the common-cause
failure of the refueling water storage tank
(RWST) isolation valves to close, common-
cause failure of the pump suction valves to
open, common-cause failure of the discharge
isolation valves to the hot legs to open, or
miscalibration of the RWST level sensors.

Intermediate-size LOCAs with an equivalent
diameter of between 2 and 6 inches in the
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3. Surry Plant Results

RCS piping with failure of the low-pressure
injection or recirculation core cooling system.
All containment heat removal systems are
available, but the continued heatup and
boiloff of primary coolant leads to core un-
covery in 20 to 50 minutes. The dominant
contributors to low-pressure injection failure
are common-cause failure of the low-pressure
injection (LPI) pumps to start or plugging of
the normally open LPI injection valves.

Small-size LOCAs with an equivalent diame-
ter of between 1/2 and 2 inches in the RCS
piping with failure of the HPI system. All
containment heat removal systems are avail-
able, but the continued heatup and boiloff of
primary coolant leads to core uncovery in 1
to 8 hours. The dominant contributors to
HPI system failures are hardware failures of
the check valves in the common suction and
discharge line of all three charging pumps or
common-cause failure of the motor-operated
valves in the HPI discharge line.

Within the general class of containment bypass ac-
cidents, the more probable combinations of fail-
ures are:

An interfacing-system LOCA resulting from a
failure of any one of the three pairs of check
valves in series that are used to isolate the
high-pressure RCS from the LPI system. The
failure modes of interest for Event V are rup-
ture of valve internals on both valves or fail-
ure of one valve to close upon repressuriza-
tion (e.g., during a return to power from cold
shutdown) combined with rupture of the
other valve. The resultant flow into the low-
pressure system is assumed to result in failure
(rupture) of the low-pressure piping or com-
ponents outside the containment boundary.
Although core inventory makeup by the high-
pressure systems is initially available, inability
to switch to recirculation would eventually
lead to core damage approximately 1 hour
after the initial failure. Because of the loca-
tion of the postulated system failure (outside
containment), all containment mitigating sys-
tems are bypassed.

A steam generator tube rupture (SGTR) acci-
dent initiated by the double-ended guillotine
rupture of one steam generator (SG) tube.
(Multiple tube ruptures may be possible but
were not considered in this analysis.) If the
operators fail to depressurize the reactor
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coolant system in a timely manner (in about
45 minutes), there is a high probability that
water will be forced through the safety relief
valves (SRVs) on the steam line from the af-
fected SG. The probability that the SRVs will
fail to reclose under these conditions is also
estimated to be very high (near 1.0). Failure
to close (gag the SRVs) by a local, manual
action results in a non-isolable path from the
RCS to the environment. After the entire
contents of the refueling water storage tank
are pumped through the broken SG tube, the
core uncovers. The onset of core degradation
is thus not expected until about 10 hours af-
ter the start of the accident.

3.2.1.2 Externally Initiated Accident
Sequences .

A detailed description of accident sequences initi-
ated by external events important at the Surry
plant is provided in Part 3 of Reference 3.1. The
accident sequences described in that reference
have been divided into two main types for this
study. These are:

. Seismic, and

) Fire.

A scoping study has also been performed to assess
the potential effects of other externally initiated
accidents (Ref. 3.1, Part 3). This analysis indi-
cated that the following external-event sources
could be excluded based on the low frequency of
the initiating event:

. Air crashes,

° Hurricanes,

® Tornados,

Internal flooding, and
External flooding.

1. Seismic Accident Frequency Analysis

The relative contribution of classes of seismically
and fire-initiated accidents to the total mean fre-
quency of externally initiated core damage acci-
dents is provided in Figure 3.4. As may be seen,
seismically initiated loss of offsite power plant
transients and transients that (through cooling sys-
tem failures) lead to reactor coolant pump seal
LOCAs are the most likely causes of externally
caused core damage accidents. For these two ac-
cident initiators, the more probable combinations
of system failures are:
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TRANSIENTS LOSP (SEISMIC)

TRANSIENT
IND. RCP SEAL
LOCA(FIRE)

STUCK OPEN PORVs (FIRE)
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Figure 3.4 Contributors to mean core damage frequency from external events (LLNL hazard curve)

at Surry.

Transient-initiated accident sequences result-
ing from loss of offsite power in conjunction
with failures of the auxiliary feedwater system
and failure of the feed and bleed mode of
core cooling. These result from eijther seismi-
cally induced diesel generator failures (caus-
ing station blackout and eventual battery de-
pletion) or from seismically induced failure
of the condensate storage tank in conjunc-
tion with power-operated relief valve (PORV)
failures.

Loss of offsite power (LOSP) due to seismi-
cally induced failure of ceramic insulators in
the switchyard, with simultaneous (seismic)
failure of both high-pressure injection (HPI)
and component cooling water (CCW) sys-
tems (the redundant sources of seal cooling).
Failures of HPI result from seismic failures of
the refueling water storage tank or emer-
gency diesel generator load panels, while
seismic failures of the diesels or the CCW

heat exchanger supports result in loss of the
CCW system.

As discussed in Chapter 2, the seismic analysis in
this report made use of two sets of hazard curves
from Lawrence Livermore National Laboratory
(LLNL) (Ref. 3.6) and the Electric Power Re-
search Institute (EPRI) (Ref. 3.7). The above ac-
cident sequences are dominant for both sets of
hazard curves. In addition, the differences be-
tween the seismic risk estimates shown in Ta-
ble 3.2 for the LLNL and the EPRI cases are due
entirely to the differences between the two sets of
hazard curves. That is, the system models, failure
rates, and success logic were identical for both es-
timates.

The seismic hazard associated with the curves
developed by EPRI was significantly less than that
of the LLNL curves. Differences between these
curves result primarily from differences between
the methodology and assumptions used to de-
velop the hazard curves. In the LLNL program,
considerable emphasis was placed on a wide range
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3. Surry Plant Results

of uncertainty in the ground-motion attenu-
ation models, while a relatively coarse set of seis-
mic tectonic provinces was used in characterizing
each site. By contrast, in the EPRI program
considerable emphasis was placed on a fine zona-
tion for the tectonic provinces, and very little un-
certainty in the ground-motion attenuation was
considered. In any case, it is the difference be-
tween the two sets of hazard curves that causes
the differences between the numeric estimates in
Table 3.2.

2. Fire Accident Frequency Analysis

The fire-initiated accident frequency analyses per-
formed for this report considered the impact of
fires beginning in a variety of separate locations
within the plant. Those locations found to be most
important were:

e  Emergency switchgear room,
e  Control room,
¢  Aauxiliary building, and

o Cable vault and tunnel.

In the emergency switchgear rocm, a fire is as-
sumed to fail either control or power cables for
both HPI and CCW, leading directly to a reactor
coolant pump seal LOCA. No additional random
failures were required for this sequence to lead to
core damage. (Credit was given for operator re-
covery by crossconnecting the Unit 2 HPI sys-
tem.) The identical scenario arises as the result of
fires postulated in the auxiliary building and the
cable vault and tunnel. Thus, fires in these three
areas both cause the initiating event (a seal
LOCA) and fail the system required to mitigate
the scenario (i.e., HPI).

In the control room, a fire in a bench board was
determined to lead to spurious actuation of a
PORV with smoke-induced abandonment of the
control room. A low probability of successful op-
erator recovery actions from the remote shutdown
panel (RSP) was assessed since the PORV closure
status is not displayed at the RSP. In addition, the
PORV block valve controls in the RSP are not
routed independently of the control room bench
board and thus may not function.

The frequency of fire-initiated accident scenarios
in other locations contributed less than 10 percent
to the total fire-initiated core damage frequency.

NUREG-1150

3.2.2 Important Plant Characteristics (Core
Damage Frequency)

Characteristics of the Surry plaﬁt design and op-
eration that have been found to be important in
the analysis of core damage frequency include:

1. Crossties Between Units

The Surry plant has numerous crossties be-
tween similar systems at Units 1 and 2. Some
of these were installed in order to comply
with requirements of 10 CFR Part 50, Ap-
pendix R (fire protection) (Ref. 3.8) or high-
energy line-break threats, and some were in-
stalled for operational reasons. Crossties exist
for the auxiliary feedwater system, the charg-
ing pump system, the charging pump cooling
system, and the refueling water storage tanks.
These crossties are subject to technical speci-
fications, their potential use is included in the
plant operating procedures, and they are re-
viewed in operator training. The availability
of such crossties was estimated to reduce the
internal-event core damage frequency by ap-
proximately a factor of 3.

2. Diesel Generators

Surry is a two-unit site with three emergency
diesel generators (DGs), one of which is a
swing diesel (which can be aligned to one
unit or the other), while many other PWR
plants have dedicated diesels for each safety-
grade power train (i.e., four DGs for a two-
unit site). Each DG is self-cooled and sup-
plied with a dedicated battery (independent
of the batteries providing power to the vital
dc buses) for starting. The latter two factors
eliminate potential common-cause failure
modes found important at other plants in this
study (e.g., Peach Bottom and Grand Gulf).
The Surry site also has a gas turbine genera-
tor. However, administrative procedures and
design characteristics of support equipment
(e.g., dc batteries and compressed air) pre-
clude its use during a station blackout acci-
dent. '

3. Reactor Coolant Pump Seals

At Surry, there are two diverse and inde-
pendent methods for providing reactor cool-
ant pump seal cooling: the component cool-
ing water system and the charging system
(which has its own dedicated cooling sys-
tem). The only common support systems for
seal cooling are ac and dc power. As such,
reactor coolant pump seal LOCAs have been



found important only in station blackout se-
quences. This is in contrast to some other
PWR plants that have a dependency between
charging pumps and the component cooling
water system and thus greater potential for
loss of seal cooling. Without cooling, the
seals were expected to degrade or fail. The
probability of seal failure upon loss of seal
cooling was studied in detail by the expert
panel elicitation (Ref. 3.9). Reflecting this,
the Surry analyses have found that station
blackout accident sequences with significant
seal leakage are important contributors to the
total frequency of core damage.

4. Battery Capacity

For the Surry plant, the station Class 1E bat-
tery depletion time following station blackout
has been estimated to be 4 hours (Ref. 3.5).
The inability to ensure availability for longer
times contributes significantly to the fre-
quency of core damage resulting from station
blackout accident sequences. The batteries
are designed and tested for 2 hours. A
4-hour battery depletion time is considered
realistic because of the margin in the design
and possible load shedding.

5. Capability for Feed and Bleed Core
Cooling

In the Surry plant, the high-pressure injec-
tion system and the power-operated relief
valves have the capability to provide feed and
bleed core cooling in the event of loss of the
cooling function of the steam generators.
This capability to provide core cooling
through feed and bleed is estimated to result
in approximately a factor of 1.4 reduction in
core damage frequency. Without the crossties
of auxiliary feedwater to Unit 2, which en-
hances overall reliability of the auxiliary
feedwater system, the benefit of feed and
bleed cooling would be much greater.

3.2.3 Important Operator Actions

The estimation of accident sequence and total
core damage frequencies depends substantially on
the credit given to operating crews in performing
actions before and during an accident. Failure to
perform these actions correctly and reliably will
have a substantial impact on estimated core dam-
age frequency. For the Surry plant, actions found
to be important are discussed below.

3. Surry Plant Results

During loss of offsite power and station blackout,
important actions required to be taken by the op-
erating crew to prevent core damage include:

e  Align alternative source of condensate to
condensate storage tank

The primary source of condensate for the
AFW system is a 100,000-gallon tank. This is
nominally sufficient for the duration of most
station blackout events. But in the event that
a steam generator becomes faulted, the in-
creased AFW flow would require the provi-
sion of additional condensate water. This
would involve manual local actions.

. Isolate condenser water box

Surry has a somewhat unique gravity-fed
service water system that relies on the head
difference between the intake canal and the
discharge canal to provide flow through serv-
ice water heat exchangers. The intake canal
is normally supplied with water by the circu-
lating water pumps. These pumps are not
provided with emergency power and are thus
unavailable after a loss of offsite power. The
condenser at each unit is provided with four
inlet and four outlet isolation valves. These
isolation valves are provided with emergency
power. Each inlet isolation valve is provided
with a hand wheel, located in the turbine
building, in order to allow manual condenser
isolation during station blackout to avoid
draining the canal.

¢ Cool down and depressurize the RCS

The Emergency Contingency Actions (ECAs)
call for depressurization of the secondary
side of the steam generators during a station
blackout to provide cooldown and depressur-
ization of the reactor coolant system. This
action is done through manual, local valve
lineups.

During steam generator tube rupture, the most im-
portant operator action is to cool down and
depressurize the RCS within approximately 45
minutes after the event in order to prevent lifting
the relief valves on the damaged steam generator.
Other possible recovery actions considered in this
accident sequence include: provision of an alter-
native source of steam generator feed flow in re-
sponse to a loss of feed flow; crossconnect of HPI
from Unit 2 or opening of alternative injection
paths in response to failure of safety injection
flow; and isolation of a damaged, faulted steam
generator.
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During small-break and medium-break LOCA ac-
cident sequences, two human actions are princi-
pally important in response to loss of core coolant
injection or recirculation. These are:

¢ Cool down and depressurize the RCS

RCS cooldown and depressurization is the
procedure directed for all small-break
LOCAs. This event is important to reduce
the pressure in the RCS and thus reduce the
leak rate. Successful cooldown and depres-
surization of the RCS will delay the need to
go to recirculation cooling.

Crossconnect high-pressure injection (HPI)

In the event that HPI pumps or water sources
are unavailable at Unit 1, HPI flow can be
provided via a crosstie with the Unit 2 charg-
ing system. This crosstie requires an operator
to locally open and/or close valves in the
charging pump area. It was estimated that the
crossconnect of HPI would require 15 to 20
minutes. This and other timing considera-
tions were such that the HPI crossconnect
was considered viable only for small and very
small LOCAs.

3.2.4 Important Individual Events and
Uncertainties (Core Damage
Frequency)

As discussed in Chapter 2, the process of develop-
ing a probabilistic model of a nuclear power plant
involves the combination of many individual
events (initiators, hardware failures, operator er-
rors, etc.) into accident sequences and eventually
into an estimate of ihe total frequency of core
damage. After development, such a model can
also be used to assess the relative importance and
contribution of the individual events. The detailed
studies underlying this report have been analyzed
using several event importance measures. The re-
sults of the analyses using two measures, “risk re-
duction” and “uncertainty” importance, are sum-
marized below.

Risk (core damage frequency) reduction im-
portance measure (internal events)

The risk-reduction importance measure is
used to assess the change in core damage fre-
quency as a result of setting the probability of
an individual event to zero. Using this meas-
ure, the following individua! events were
found to cause the greatest reduction in the
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estimated core damage frequency if their
probabilities were set to zero:

Loss of offsite power initiating event.
The core damage frequency would be
reduced by approximately 61 percent.

Failure of diesel generator number one
to start. The core damage frequency
would be reduced by approximately 25
percent.

Probability of not recovering ac electric
power between 3 and 7 hours after loss
of offsite power. The core damage fre-
quency would be reduced by approxi-
mately 24 percent.

Failure to recover diesel generators. The
core damage frequency would be
reduced by approximately 18 to 21 per-
cent.

Uncertainty importance measure (internal
events)

A second importance measure used to evalu-
ate the core damage frequency results is the
uncertainty importance measure. For this
measure, the relative contribution of the un-
certainty of groups of component failures and
basic events to the uncertainty in total core
damage frequency is calculated. Using this
measure, the following event groups were
found to be most important:

Probabilities of diesel generators failing
to start when required;

Probabilities of diesel generators failing
to run for 6 hours;

requency of loss of offsite power; and

Frequency of interfacing-system LOCA.

It should be noted that many events each contrib-
ute a small amount to the uncertainty in core
damage frequency; no single event dominates the
uncertainty.

‘ 3.3 Containment Performance Analysis

3.3.1 Results of Containment Performance
Analysis

The Surry containment system uses a sub-
atmospheric concept in which the containment
building housing the reactor vessel, reactor cool-
ant system, and secondary system’s steam



generator is maintained at 10 psia. The contain-
ment building is a reinforced concrete structure
with a volume of 1.8 million cubic feet. Its design
basis pressure is 45 psig, whereas its mean failure
pressure is estimated to be 126 psig. As previously
discussed in Chapter 2, the method used to esti-
mate accident loads and containment structural
response for Surry made extensive use of expert
judgment to interpret and supplement the limited
data available.

The potential for early Surry containment failure
is of major interest in this risk analysis. The prin-
cipal threats identified in the Surry risk analyses
(Ref. 3.2) as potentially leading to early contain-
ment failure are: (1) pressure loads, i.e., hydro-
gen combustion and direct containment heating
due to ejection of molten core material via the
rapid expulsion of hot steam and gases from the
reactor coolant system; and (2) in-vessel steam
explosions leading to vessel failure with the vessel
upper head being ejected and impacting the con-
tainment building dome area (the so-called alpha-
mode failure). Containment bypass (such as fail-
ures of reactor coolant system isolation check
valves in the emergency core cooling system or
steam generator tubes) is another serious threat to
the integrity of the containment system.

The results of the Surry containment analysis are
summarized in Figures 3.5 and 3.6. Figure 3.5
displays information in which the conditional
probabilities of seven containment-related acci-
dent progression bins; e.g., VB, alpha, early CF,
are presented for each of seven plant damage
states; e.g., loss of ofisite power. This information
indicates that, on a plant damage state frequency-
weighted average,” the conditional mean prob-
ability from internally initiated accidents of:
(1) early containment failure is about 0.01,
(2) late containment failure (basemat melt-
through or leakage) is about 0.06, (3) direct by-
pass of the containment is about 0.12, and (4) no
containment failure is 0.81. Figure 3.6 further dis-
plays the conditional probability distribution of
early containment failure for each plant damage
state to show the estimated range of uncertainties
in these containment failure predictions. The im-
portant conclusions to be drawn from the infor-
mation in Figures 3.5 and 3.6 are: (1) the mean
conditional probability of early containment fail-
ure from internal events is low; i.e., less than
0.01; (2) the principal containment release

*Each value in the column in Figure 3.5 labeled “All” is
obtained by calculating the products of individual accident
progression bin conditional probabilities for each plant
damage state and the ratio of the frequency of that plant
damage state to the total core damage frequency.
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mechanism is bypass due to interfacing-system
LOCA; and (3) external initiating events such as
fire and earthquakes produce higher early and
late containment failure probabilities.

The accident progression analyses performed for
this report are particularly noteworthy in that, for
core melt accidents at Surry, there is a high prob-
ability that the reactor coolant system (RCS) will
be at relatively low pressures (less than 200 psi) at
the time of molten core penetration of the lower
reactor vessel head, thereby reducing the potential
for direct containment heating (DCH). There are
several reasons for concluding that the RCS will
be at low system pressure such as: stuck-open
PORVs, operator depressurization, failed reactor
coolant pump seals, induced failures of RCS pip-
ing due to high temperatures, and the relative
“mix” of plant damage states (i.e., for the fre-
quency of plant damage states initially at high ver-
sus low RCS pressures). Accordingly, it has been
concluded that the potential for early containment
failure due to the phenomenon of DCH is less in
the risk analyses underlying this report relative to
previous studies (Ref. 3.10) on the basis of a com-
bination of higher probabilities of low RCS pres-
sures (discussed above), lower calculated pres-
sures given direct containment heating, and
greater estimated strength of the Surry contain-
ment building (Ref. 3.2). (See Section C.5 of
Appendix C for additional discussion of DCH and
why its importance is now less.)

Additional discussions on containment perform-
ance (for all studied plants) are-provided in Chap-
ter 9.

3.3.2 Important Plant Characteristics
(Containment Performance)

Characteristics of the Surry plant design and op-
eration that are unique to the containment build-
ing during core damage accidents include:

1. Subatmospheric Containment Operation

The Surry containment is maintained at a
subatmospheric pressure (10 psia) during op-
eration with a continual monitoring of the
containment leakage. As a result, the likeli-
hood of pre-existing leaks of significant size is
negligible.

Post-Accident Heat Removal System

The Surry containment does not have fan
cooler units that are qualified for post-acci-
dent heat removal as do some other PWR
plants. Containment (and core) heat removal

NUREG-1150



3. Surry Plant Results

-f1mg 1e surq uoissasdoid jusprooe jo Ayjiqeqoid euompuo) §'¢ sIndLy

YoBaJyg [9SSOA = GA
HeaT JUATIUTRIUOCY = )
aInied JUaWIUILIUS) = J)

ydnoagl—1Jo 1swased = INg :45%

6810
SEvV'o 0890
100°0
082’0 2620
2800
800°0 €100
woc”o €000

sl ]

gve’o

2210

6G0°0

¥00°0

£€00°0

0001

Nmm.o- 29470 || 06E'0 6650
9860 L12°0 §29°0 || 0160

400°0 840°0 £00°0

G500 €100 9%0'0 640°0

100°0 100°0 S00°0

G000 £00°0 €00°0

(F0-36'1) (Go—FTT) (S0-31¥) (90-3F¥e) (90-d19) (90-381) (90-aA¥T) (S0-38Z)

INTT

oTuISTag

v

ssed4g

syD01

sjuaIsueyy,

(fousnbayy afewreq 210D URSK)

dN0YD Sdd AIVWANS

SHLY

dS01

gA ON

J0 ON *dA

ssed£g

10 9181 10 LN ‘dA

a0 £11es
‘1sd 002 > 'dA

Jdo Ajae2
1sd 902 < dA

g0 Ljaes
‘eydre ‘gA

dNOyD NIF
NOISSHIDO0dd
LNUAIOOV
AIVANNS

3-12

NUREG-1150



-Aung 1@ sInpe} jJUsWUIRIUOD A[Ied I0J suonnquusip Aiqeqoid [EUORIPUO)  9°¢ SIN3L]

3. Surry Plant Results

$0—-46°1 G0~-d1'7 GO-dT¥y 90-dI¥YE 90-dT1'9 90—~d8°1 90-d¥1 S0—38°2 ‘baxy efewueq a10)
INTI v ssed4g SYQ0T  sjusisue] SKIV dso1 dnetn sqd
oruIsteg BIL] = —memem e SI0}1R1}IU] [RULI P U[— - —— e — e e e .
937
suactad = U3 R
uB{poul = W 5
uesll = | :
Mg mmlr.u,.H
*“ms [
g “m g - S,
+wg - ) mu
o =2 .
e = V0185, O
“-qx “m ,.Alﬂu o fA m.u
=K
- ) e
N o O
- S o
= - O
= S
*qg e-dly nY
R - 5 0
R - ) WL
: 7358 - m.. o
RN - 5.
| hEL “n Ey g =
i “wge cdTE &
- |
" - [
“ui58 - o
1w - @
- “mge = *mce 3
n “mge | 1-HT
il
“1188 N
C

031

NUREG-1150

3-13



3. Surry Plant Results

following an accident is provided by the con-
tainment spray recirculation system, whereas,
in some PWR plants, post-accident heat re-
moval can also be provided by the residual
heat removal system heat exchangers in the
emergency core cooling system.

3. Reactor Cavity Design

The reactor cavity area is not connected di-
rectly with the containment sump area. As a
result, if the containment spray systems fail
to operate during an accident, the reactor
cavity will be relatively dry. The amount of
water in the cavity can have a significant in-
fluence on phenomena that can occur after
reactor vessel lower head failure, such as
magnitude of containment pressurization
from direct containment heating and post-
vessel failure steam generation, the formation
of coolable debris beds, and the retention of
radioactive material released during core-
concrete interactions.

4. Containment Building Design

The containment volume and high failure
pressure provide considerable capacity for
accommodation of severe accident pressure
loads.

3.4 Source Term Analysis
3.4.1 Results of Source Term Analysis

In the Surry plant, the absolute frequency of an
early failure of the containment* due to the loads
produced in a severe accident is small. Although
the absolute frequency of containment bypass is
also small, for internal accident initiators it is
greater than the absolute early failure frequency.
Thus, bypass sequences are the more likely means
of obtaining a large release of radioactive mate-
rial. Figure 3.7 illustrates the distribution of
source terms associated with the accident progres-
sion bin representing containment bypass. The
range of release fractions is quite large, primarily
as the result of the range of parameters provided
by the experts. The magnitude of the release for
many of the elemental groups is also large, indica-
tive of a potentially serious accident. Typically,
consequence analysis codes only predict the
occurrence of early fatalities in the surrounding
population when the release fractions of the vola-

*In this section, the absolute frequencies of early contain-
ment failure are discussed (i.e., including the frequencies
of the plant damage states). This is in contrast to the pre-
vious section, which discusses conditional failure prob-
abilities (i.e., given that a plant damage state occurs).

NUREG-1150

tile groups (iodine, cesium, and tellurium) exceed
approximately 10 percent (Ref. 3.11). For the by-
pass accident progression. bin, the median value
for the volatile radionuclides is approximately at
the 10 percent level whereas for the early contain-
ment failure bin not shown, the releases are lower.
The median values are somewhat smaller than 10
percent, but the ranges extend to approximately
30 percent.

In contrast to the large source term for the bypass
bin, Figure 3.8 provides the range of source terms
predicted for an accident progression bin involv-
ing late failure of the containment. The fractional
release of radionuclides for this bin is several or-
ders of magnitude smaller than for the bypass bin,
except for iodine, which can be reevolved late in
the accident. It should be noted that, for many of
the elemental groups, the mean of the distribution
falls above the 95th percentile value. For distribu-
tions that occur over a range of many orders of
magnitude, sampling from the extreme tail of the
distribution (at the high end) can dominate and
cause this result.

Additional discussion on source term perspectives
is provided in Chapter 10.

3.4.2 Important Plant Characteristics
(Source Term)

Plant design features that affect the mode and
likelihood of containment failure also influence
the magnitude of the source term. These features
were described in the previous section. Plant fea-
tures that have a more direct influence on the
source term are described in the following para-
graphs.

1. Containment Spray System

The Surry plant has an injection spray system
that uses the refueling water storage tank as a
water source and a recirculation spray system
that recirculates water from the containment
sump. Sprays are an-effective means for re-
moving airborne radioactive aerosols. For se-
quences in which sprays operate throughout
the accident, it is most likely that the con-
tainment will not fail and the leakage to the
environment will be minor. If the contain-
ment does fail late in the accident following
extended spray operation, analyses indicate
that the release of aerosols will be extremely
small. Even in a station blackout case with
delayed recovery of sprays, condensation of
steam from the air, and a subsequent hydro-
gen explosion that fails containment, Source
Term Code Package (STCP) analyses indi-
cate that spray operation results in substan-
tially reduced source terms (Ref. 3.12).
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Sprays are not always effective in reducing
the source term, however. The risk-dominant
containment bypass sequences are largely un-
affected by operation of the spray systems.
Early containment failure scenarios involving
high-pressure melt ejection have a compo-
nent of the release that occurs almost simul-
taneously with containment failure, for which
the sprays would not be effective.

In addition to removing aerosols from the at-
mosphere, containment sprays are an impor-
tant source of water to the reactor cavity at
Surry, which is otherwise dry. A coolable de-
bris bed can be established in the cavity, pre-
venting interactions between the hot core and
concrete. If a coolable debris bed is not
formed, a pool of water overlaying the hot
core as it attacks concrete can effectively
mitigate the release of radioactive material to
the containment from this interaction.

Cavity Configuration

Water collecting on the floor of the Surry
containment cannot flow into the reactor
cavity. As a result, the cavity will be dry at
the time of vessel meltthrough unless the
containment spray system has operated. As
discussed earlier, water in the cavity can have
a substantial effect on mitigating or eliminat-
ing the release of radiocactive material from
the molten core-concrete interaction.

3.5 Offsite Consequence Results

Figures 3.9 and 3.10 display the frequency distri-
butions in the form of graphical plots of comple-
mentary cumulative  distribution  functions
{(CCDFs) of four offsite consequence measures—
early fatalities, latent cancer fatalities, and the
50-mile and entire site region population expo-
sures (in person-rems). The CCDFs in Figures 3.9
and 3.10 include contributions from all source
terms associated with reactor accidents caused by
the internal initiating events and fire, respectively.
Four CCDFs, namely, the 5th percentile, 50th
percentile (median), 95th percentile, and the
mean CCDFs, are shown for each consequence
measure.

Surry plant-specific and site-specific parameters
were used in the consequence analysis for these
CCDFs. The plant-specific parameters included
source terms and their frequencies, the licensed
thermal power (2441 MWt) of the reactor, and
the approximate physical dimensions of the power
plant building complex. The site-specific parame-

3-17
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ters included exclusion area radius (520 meters),
meteorological data for 1 full year collected at the
site meteorological tower, the site region popula-
tion distribution based on the 1980 census data,
topography (fraction of the area that is land—the
remaining fraction is assumed to be water), land
use, agricultural practice and productivity, and
other economic data for up to 1,000 miles from
the Surry plant.

The consequence estimates displayed in these fig-
ures have incorporated the benefits of the follow-
ing protective measures: (1)} evacuation of 99.5
percent of the population within the 10-mile
plume exposure pathway emergency planning
zone (EPZ), (2) early relocation of the remaining
population only from the heavily contaminated ar-
eas both within and outside the 10-mile EPZ, and
(3) decontamination, temporary interdiction, or
condemnation of land, property, and foods con-
taminated above acceptable levels.

The population density within the Surry 10-mile
EPZ is about 230 persons per square mile. The
average delay time before evacuation (after a
warning prior to radionuclide release) from the
10-mile EPZ and average effective evacuation
speed used in the analyses were derived from in-
formation contained in a utility-sponsored Surry
evacuation time estimate study (Ref. 3.13) and
the NRC requirements for emergency planning,

The results displayed in Figures 3.9 and 3.10 are
discussed in Chapter 11.

3.6 Public Risk Estimates

3.6.1 Results of Public Risk Estimates

A detailed description of the results of the Surry
risk analysis is provided in Reference 3.2. For this
summary report, results are provided for the fol-
lowing measures of public risk:

e  Early fatality risk,

Latent cancer fatality risk,

Population dose within 50 miles of the site,
Population dose within the entire site region,
Individual early fatality risk in the population
within 1 mile of the Surry exclusion area
boundary, and

Individual latent cancer fatality risk in the
population within 10 miles of the Surry site.

NUREG-1150
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The first four of the above measures are com-
monly used measures in nuclear power plant risk
studies. The last two are those used to compare
with the NRC safety goals (Ref. 3.14).

3.6.1.1 Internally Initiated Accident
Sequences

The results of the risk studies using the above
measures are provided in Figures 3.11 through
3.13 for internally initiated accidents. The figures
display the variabilities in mean risks estimated
from the metegrology-averaged conditional mean
values of the consequence measures. For the first
two measures, the results of the first risk study of
Surry, the Reactor Safety Study (Ref. 3.3), are
also provided. As may be seen, both the early fa-
tality risks and latent cancer fatality risks are
lower than those of the Reactor Safety Study.
The early fatality risk distribution, however, has a
longer tail at the low end indicating a belief by the
experts that there is a finite probability that risks
may be orders of magnitude lower than those of
the Reactor Safety.Study. The risks of population
dose within 50 miles of the plant site as well as
within the entire site region are very low. Individ-
ual early fatality and latent cancer fatality risks are
well below the NRC safety goals.

For the early and latent cancer fatality risk meas-
ures, the Reactor Safety Study values lie in the
upper portions of the present risk range. This is
because of the current estimates of better contain-
ment performance and source terms. The esti-
mated probability of early containment failure in
this study is significantly lower than the Reactor
Safety Study values. The source term ranges of
the Reactor Safety Study are comparable with the
upper portions of the present study. The median
core damage frequencies of the two studies, how-
ever, are about the same (2.3E-5 per reactor year
for this study compared to 4.6E-5 per reactor
year for the Reactor Safety Study). A more de-
tailed comparison between results is provided in
Chapters 12.

The risk results shown in Figure 3.11 have been
analyzed to determine the relative contributions of
plant damage states and containment-related acci-
dent progression bins to mean risk. The results of
this analysis are provided in Figures 3.14 and
3.15. As may be seen, the mean early and latent
cancer fatality risks of the Surry plant are princi-
pally due to accidents that bypass the containment
building (interfacing-system LOCA (Event V) and
steam generator tube ruptures).

NUREG-1150

Details of these accident sequences are provided
in Section 3.2.1.1. It should be noted from these
discussions that for the steam generator tube rup-
ture accident, if corrective or protective actions
are taken (e.g., alternative sources of water are
made available, emergency response is initiated*)
before the refueling water storage tank water is
totally depleted, i.e., within about a 10-hour pe-
riod after start of the accident, risks from this ac-
cident may be substantially reduced.

3.6.1.2 Externally Initiated Accident
Sequences

The Surry plant has been analyzed for two exter-
nally initiated accidents: earthquakes and fire (see
Section 3.2.1.2). The fire risk analysis has been
performed, including estimates of consequences
and risk, while the seismic analysis has been con-
ducted up to the containment performance (as
discussed in Chapter 2). Sensitivity analyses of
seismic risk at Surry are provided in Reference
3.2.

Results of fire risk analysis (variabilities in mean
risks estimated from meteorology-averaged condi-
tional mean values of the consequence measures)
of Surry are shown in Figures 3.16 through 3.18
for the early fatality, latent cancer fatality, popula-
tion dose (within 50 miles of the site and within
the entire site region), and individual early and
latent cancer fatality risks. As can be seen, the
risks from fire are substantially lower than those
from internally initiated events.

Major contributors to early and latent cancer fa-
tality risks are shown in Figure 3.19. (Note that
there are no bypass initiating events in the fire
plant damage state.) The most risk-important se-
quence is a fire in the emergency switchgear room
that leads to loss of ac power throughout the sta-
tion. The principal risk-important accident pro-
gression bin is early containment failure with the
reactor coolant system at high pressure (>200
psia) at vessel breach leading to direct contain-
ment heating.

Additional discussion of risk perspectives (for ali
five plants studied) is provided in Chapter 12.

3.6.2 Important Plant Characteristics (Risk)

The plant characteristics discussed in Section
3.2.2 that were important in the analysis of core
damage frequency were primarily related to the
station blackout accident sequences and have not
been found to be important in the risk analysis.

*See Chapter 11 for sensitivity of offsile consequences to
alternative modes of emergency response.
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Figure 3.11 Early and latent cancer fatality risks at Surry (internal initiators).
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Figure 3.12 Population dose risks at Surry (internal initiators).
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SURRY EARLY FATALITY  SURRY LATENT CANCER FATALITY
MEAN = 2E-8/RY MEAN  6.2E~3/RY

5

Plant Damage States
1, 880
2. ATWS
3. TRANSIENTS
4. LOCA
6. BYPASS

Figure 3.14 Major contributors (plant damage states) to mean early and latent
cancer fatality risks at Surry (internal initiators}.

SURRY EARLY FATALITY  SURRY LATENT CANCER FATALITY
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Figure 3.15 Major contributors (accident progression bins) to mean early and latent
cancer fatality risks at Surry (internal initiators).
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Figure 3.16 Early and latent cancer fatality risks at Surry (fire initiators).
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Figure 3.17 Population dose risks at Surry (fire initiators).
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Figure 3.18 Individual early and latent cancer fatality risks at Surry (fire initiators).
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Figure 3.19 Major contributors (accident progression bins) to mean early and latent
cancer fatality risks at Surry (fire initiators).

That is, because of the high consequences of the
containment bypass sequences and low frequency
of early containment failures, Event V and SGTR
were more important risk contributors in the Surry
analysis. The following general observations can
be made from the risk results:

The Surry containment appears robust, with
a low conditional probability of failure (early
or late). This is responsible, to a large extent,
for the low risk estimates for the Surry plant.

. (In comparison with other plants studied in

this report, risks for Surry are relatively high;
but, in the absolute sense, these risks are
very low and are well below NRC safety
goals, as can be seen in Chapter 12.)

Early fatality risk is dominated by bypass ac-
cidents, primarily from an interfacing-system
LOCA. This accident leads to rapid core
damage; the radicactive release is assessed to
take place before evacuation is complete.
Steam generator tube rupture accident se-
quences with stuck-open SRVs result in very

NUREG-1150
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late core melt; evacuation is assessed to be
complete before the release is estimated to
occur.

The configuration of low-pressure piping out-
side the containment leads to a high prob-
ability that the release from an interfacing-
system LOCA would be partially scrubbed by
overlaying water. If the release were to take
place without such scrubbing, the contribu-
tion to early fatality risk would be higher.

Depressurization- of the reactor coolant
system by deliberate or inadvertent means
plays an important role in the progression of
severe accidents at Surry in that it decreases
the probability of containment failure by
high-pressure melt ejection and direct con-
tainment heating.

Risks from accidents initiated by fires are
dominated by early containment failures and
are estimated to be much lower than those
from internally initiated accidents.
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4. PEACH BOTTOM PLANT RESULTS

4.1 Summary Design Information

The Peach Bottom Atomic Power Station is a
General Electric boiling water reactor (BWR-4)
unit of 1065 MWe capacity housed in a Mark 1
containment constructed by Bechtel Corporation.
Peach Bottom Unit 2, analyzed in this study, be-
gan commercial operation in July 1974 under the
operation of Philadelphia Electric Company
(PECo). Some important system design features
of the Peach Bottom plant are described in Table
4.1. A general plant schematic is provided in Fig-
ure 4.1.

This chapter provides a summary of the results
obtained in the detailed risk analyses underlying
this report (Refs. 4.1 and 4.2). A discussion of
perspectives with respect to these results is pro-
vided in Chapters 8 through 12.

4.2 Core Damage Frequency Estimates
4,2.1

Summary of Core Damage Frequency
Estimates

The core damage frequency and risk analyses per-
formed for this study considered accidents initi-
ated by both internal and external events (Refs.
4.1 and 4.2). The core damage frequency results
obtained from internal events are displayed in
graphical form as a histogram in Figure 4.2 (Sec-
tion 2.2.2 discusses histogram development). The
core damage frequency results cbtained from in-
ternal and external events are provided in tabular
form in Table 4.2.

The Peach Bottom plant was previously analyzed
in the Reactor Safety Study (RSS) (Ref. 4.3). The
RSS calculated a total point estimate core damage
frequency from internal events of 2.6E~5 per
year. This study calculated a total median core
damage frequency from internal events of 1.9E-6
per year with a corresponding mean value of
4.5E~6. For a detailed discussion of, and insights
into, the comparison between this study and the
RSS, see Chapter 8. :

4.2.1.1 Internally Initiated Accident
Sequences

A detailed description of accident sequences im-
portant at the Peach Bottom plant is provided in
Reference 4.1. For this summary report, the acci-
dent sequences described in that report have been
grouped into four summary plant damage states.
These are:

4-1

e  Station blackout,

L] Anticipated transient ~ without  scram
(ATWS),

® Loss-of-coolant accidents (LOCASs), and

#  Transients other than station blackout and

ATWS,

The relative contributions of these groups to mean
internal-event core damage frequency at Peach
Bottom are shown in Figure 4.3. From Figure 4.3,
it may be seen that station blackout sequences as
a class are the largest contributor to mean core
damage frequency. It should be noted that the
plant configuration (as analyzed for this study)
does not reflect modifications that may be re-
quired in response to the station blackout rule.

Within the general class of station blackout acci-
dents, the more probable combinations of failures
leading to core damage are:

® Loss of onsite and offsite ac power results in
the loss of all core cooling systems (except
high-pressure coolant injection (HPCI) and
reactor core isolation cooling (RCIC), both
of which are ac independent in the short
term) and all containment heat removal sys-
tems. HPCI or RCIC (or both) systems func-
tion but ultimately fail at approximately 10
hours because of battery depletion or other
late failure modes (e.g., loss of room cooling
effects). Core damage results in approxi-
mately 13 hours as a result of coolant boiloff.

Loss of offsite power occurs followed by a
subsequent failure of all onsite ac power. The
diesel generators fail to start because of fail-
ure of all the vital batteries. Without ac and
dc power, all core cooling systems (including
HPCI and RCIC) and all containment heat
removal systems fail. Core damage begins in
approximately 1 hour as a result of coolant
boiloff.

Loss of offsite power occurs followed by a
subsequent failure of a safety relief valve to
reclose. All onsite ac power fails because the
diesel generators fail to start and run from a
variety of faults. The loss of all ac power fails
most of the core cooling systems and all the
containment heat removal systems. HPCI
and RCIC (which are ac independent) are
available and either or both initially function
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Table 4.1 Summary of design features: Peach Bottom Unit 2.

1. Coolant Injection Systems

a.

High-pressure coolant injection system provides coolant to
the reactor vessel during accidents in which system pressure
remains high, with 1 train and 1 turbine-driven pump.

Reactor core isolation cooling system provides coolant to
the reactor vessel during accidents in which system pres-
sure remains high, with 1 train and 1 turbine-driven pump.

Low-pressure core spray system provides coolant to the
reactor vessel during accidents in which vessel pressure is
low, with 2 trains and 4 motor-driven pumps.

Low-pressure coolant injection system provides coolant to
the reactor vessel during accidents in which vessel pressure
is low, with 2 trains and 4 pumps.

High-pressure service water crosstie system provides cool-
ant makeup source to the reactor vessel during accidents in
which normal sources of emergency injection have failed
(low RPV pressure), with 1 train and 4 pumps for crosstie.

Contro!l rod drive system provides backup source of high-
pressure injection, with 2 pumps/210 gpm (total)/1,100
psia.

Automatic depressurization system for depressurizing the
reactor vessel to a pressure at which the low-pressure in-
jection systems can inject coolant to the reactor vessel: 5
ADS relief valves/capacity 820,000 Ib/hr. In addition, there
are 6 non-ADS relief valves.

2. Key Support Systems

dc power with up to approximately 10-12-hour station
batteries.

Emergency ac power from 4 diesel generators shared be-
tween 2 units.

Emergency service water provides cooling water to safety
systems and components shared by 2 units.

3. Heat Removal Systems

Residual heat removal/suppression pool cooling system to
remove heat from the suppression pool during accidents,
with 2 trains and 4 pumps.

Residual heat removal/shutdown cooling system to remove
decay heat during accidents in which reactor vessel integ-
rity is maintained and reactor at low pressure, with 2 trains
and 4 pumps.

Residual heat removal/containment spray system to sup-
press pressure and remove decay heat in the containment
during accidents, with 2 trains and 4 pumps.

4. Reactivity Control Systems

Control rods.

Standby liquid control system, with 2 parallel positive dis-
placement pumps rated at 43 gpm per pump, but each with
86 gpm equivalent because of the use of enriched boron.

5. Containment Structure

ow

BWR Mark 1.
0.32 million cubic feet.
56 psig design pressure.

6. Containment Systems

Containment venting—drywell and wetwell vents used when
suppression pool cooling and containment sprays have
failed to reduce primary containment pressure.

NUREG-1150
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Core Damage Frequency {per RY)
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Note: As discussed in Reference 4.4, core damage frequencies below 1E-5 per reactor year should be
viewed with caution because of the remaining uncertainties in PRA (e.g., events not considered).

Figure 4.2 Internal core damage frequency results at Peach Bottom.

Table 4.2 Summary of core damage frequency results: Peach Bottom.*

5% Median Mean 95%
Internal Events 3.5E-7 1.9E~6 4.5E-6 1.3E-5
Station Blackout 8.3E-8 6.2E~7 2.2E-6 6.0E-6
ATWS 3.1E-8 4.4E-7 1.9E-6 6.6E-6
LOCA 2.5E-9 4.4E-8 2.6E-7 7.8E-7
Transient 6.1E-10 1.9E-8 1.4E-7 4.7E-7
External Events** )
Seismic (LLNL) 5.3E-8 4.4E-6 7.7E-5 2.7E-4
Seismic (EPRI) 2.3E-8 7.1E~7 3.1E-6 1.3E-5
Fire 1.1E-6  1.2E-5 2.0E-5 6.4E-5

*Note: As discussed in Reference 4.4, core damage frequencies below 1E-5 per reactor
year should be viewed with caution because of the remaining uncertainties in PRA
(e.g., events not considered).

**See “Externally Initiated Accident Sequences” in Section 4.2.1.2 for discussion.
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Total Mean Core Damage Frequency: 4.5E-6

Figure 4.3 Contributors to mean core damage frequency from internal events at Peach Bottom.

but ultimately fail at approximately 10 hours
because of battery depletion or other late
failure modes (e.g., loss of room cooling ef-
fects). Core damage results in 10 to 13 hours
as a result of coolant boiloff.

Within the general class of anticipated transient
without scram accidents, the more probable com-
binations of failures leading to core damage are:

® Transient (e.g., loss of feedwater) occurs fol-
lowed by a failure to trip the reactor because
of mechanical faults in the reactor protection
system (RPS) and closure of the main steam
isolation valves (MSIVs). The standby liquid
control system (SLCS) does not function
(primarily because of operator failure to ac-
tuate), but the HPCI does start. However, in-
creased suppression pool temperatures fail
the HPCI. Low-pressure coolant injection
(LPCI) is unavailable and all core cooling is
lost. Core damage occurs in approximately
20 minutes to several hours, depending on
the time at which the LPCI fails because of
different LPCI failure modes.

Transient occurs followed by a failure to
scram (mechanical faults in the RPS) and
closure of the MSIVs. SLCS is initiated but

HPCI fails to function because of random
faults. The operator fails to depressurize after
HPCI failure and therefore the low-pressure
core cooling systems cannot inject. Core
damage occurs in approximately 15 minutes.

Within the general class of LOCAs, the more
probable combination of failures leading to core
damage is:

o A medium-size LOCA (i.e., break size of ap-
proximately 0.004 to 0.1 ft2) occurs. HPCI
works initially but fails because of low steam
pressure. The low-pressure core cooling sys-
tems fail to actuate primarily because of mis-
calibration faults of the pressure sensors,
which do not “permit” the injection valves to
open. All core cooling is lost and core dam-
age occurs in approximately 1 to 2 hours fol-
lowing the initiating event.

4.2.1.2 Externally Initiated Accident
Sequences

A detailed description of accident sequences initi-
ated by external events important at the Peach
Bottom plant is provided in Part 3 of Reference
4.1. The accident sequences described in that ref-
erence have been grouped into two main types for
this study. These are:

4-5 NUREG-1150
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®  Seismic, and
® Fire.

A scoping study has also been performed to assess
the potential effects of other externally initiated
accidents (Ref. 4.1, Part 3). This analysis indi-
cated that the following external-event sources
could be excluded based on the low frequency of
the initiating event:

®  Aircraft crashes,
) Hurricanes,
® Tornados,

® Internal flooding, and
®  External flooding.

1. Seismic Accident Frequency Analysis

The relative contribution of classes of seismically
and fire-initiated accidents to the total mean fre-
quency of externally initiated core damage acci-
dents is provided in Figure 4.4. As may be seen,
the dominant seismic Scenarios are transient
(38%) and LOCA sequences (27%) with the other
contributors being substantially less. For these two
seismic accident initiators, the more probable
combinations of system failures are:

® The transient sequence results from seismi-
cally induced failure of ceramic insulators in
the switchyard causing loss of offsite power
(LOSP) in conjunction with loss of onsite ac
power. This latter results primarily from loss
of the emergency service water (ESW) sys-
tem {which provides the jacket cooling for
the emergency diesel generators) and/or di-
rect failures of 4 kV buses or the diesel gen-
erators themselves. The vast majority of fail-
ures are seismically induced.

®  The large LOCA sequence is initiated by pos-
tulated seismically induced failures of the
supports on the recirculation purmps. Core
damage results from this initiator in conjunc-
tion with seismically induced failures of the
low-pressure injection systems. The latter re-
quires ac power, and the dominant sources of
failure of onsite ac power are the ESW or
emergency diesel generator seismic failures as
discussed above.

As discussed in Chapter 2, the seismic analysis in
this report made use of two sets of hazard curves
from Lawrence Livermore National Laboratory
(LLNL) (Ref. 4.5) and the Electric Power Re-
search Institute (EPRI) (Ref. 4.6). The differ-
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ences between the seismic core damage frequen-
cies shown in Table 4.2 for the LLNL and the
EPRI cases are due entirely to the differences be-
tween the two sets of hazard curves. That is, the
system models, failure rates, and success -logic
were identical for both estimates.

The seismic hazard associated with the curves de-
veloped by EPRI was significantly less than that of
the LLNL curves. Differences between these
curves result primarily from differences between
the methodology and assumptions used to develop
the hazard curves. In the LLNL program, consid-
erable emphasis was placed on a wide range of
uncertainty in the ground-motion attenuation
models, while a relatively coarse set of seismic tec-
tonic provinces was used in characterizing each
site. By contrast, in the EPRI program consider-
able emphasis was placed on a fine zonation for
the tectonic provinces, and very little uncertainty
in the ground-motion attenuation was considered.
In any case, it is the difference between the two
sets of hazard curves that causes the differences
between the numeric estimates in Table 4.2.

2. Fire Accident Frequency Analysis

The fire-initiated accident frequency analyses per-
formed for this report considered the impact of
fires beginning in a variety of separate locations
within the plant. Those locations found to be most
important were:

e Emergency switchgear rooms,

¢ Control room, and

Cable-spreading room.

No other plant locations contributed more than
1.0E-8 per year to the core damage frequency.

Fires in the cable-spreading room are assumed to
require manual plant trip and to fail the high-
pressure injection and depressurization systems,
namely: high pressure core injection (HPCI), re-
actor core isolation cooling (RCIC), control rod
drive (CRD), and automatic depressurization sys-
tems (ADS). In each case, the failure occurs be-
cause of fire damage to the control cables.

Fires in the emergency swiichgear rooms failed
offsite power and in some instances portions of
the emergency service water system, and core
damage occurs because of a station blackout se-
quence involving additional random failures of the
emergency service water system (which provides
jacket cooling to the diesel generators).



Finally, two fire scenarios were identified for the
control room, both of which involve manual plant
trip and abandonment of the control room. One
scenario involved random failure of the RCIC sys-
tem and a reasonable probability that the opera-
tors fail to recover the plant using HPCI or ADS
in conjunction with LPCI from the remote shut-
down panel. The other scenario failed the RCIC
system because of a fire in its control cabinet but

LOCA (SEISMIC)

RWTB (SEISMIC)

RVR (SEISMIC)
OTHER (SEISMIC)

4. Peach Bottom Plant Results

allowed for recovery from the remote shutdown
panel.

4.2.2 Important Plant Characteristics (Core
Damage Frequency) :

Characteristics of the Peach Bottom plant design
and operation that have been found to be impor-
tant in the analysis of core damage frequency in-
clude:

(SEISMIC)
TRANSIENTS LOSP

TRANSIENTS (FIRE)

STATION BLACKOUT (FIRE)

Total Mean Core Damage Frequency: 8.7E-5

Figure 4.4 Contributors to mean core damage frequency from external events (LLNL hazard curve)

at Peach Bottom.

1. High-Pressure Service Water System
Crosstie

The high-pressure service water (HPSW) sys-
tem, if the reactor vessel has been
depressurized, can inject raw water to the re-
actor vessel via the residual heat removal in-
jection lines. Most components of HPSW are
located outside the reactor building and thus
are not affected by any potential severe reac-
tor building environment that could cause
other injection systems to fail in some acci-
dents. Therefore, this system offers diversity,
as well as redundancy, and affects many dif-

4-7

ferent types of sequences. The Peach Bottom
operators are trained to use this system and .
can do so from the control room. An exten-
sive cleanup program would, however, be re-
quired after the system is initiated.

Redundancy and Diversity of Water
Supply Systems

At Peach Bottom, there are many redundant
and diverse systems to provide water to the
reactor vessel. They include:

NUREG-1150
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High-pressure core injection (HPCI) with 1
pump;

Reactor core isolation cooling (RCIC) with 1
pump;

Control rod drive (CRD) with 2 pumps (both

pumps required);

Low-pressure core spray (LPCS) with 4
pumps;

Low-pressure core injection (LPCI) with 4
pumps;

Condensate with 3 pumps; and

High-pressure service water (HPSW) with 4
pumps.

Because of this redundancy of systems,
LOCAs and transients other than station
blackout and ATWS are small contributors to
the core damage frequency.

CRD, condensate, and HPSW pumps are lo-
cated outside the reactor building (generally
away from potentially severe environments)
and represent excellent secondary high- and
low-pressure coolant systems if normal injec-
tion systems fail. These systems are not avail-
able during station blackout.

Redundancy and Diversity of Heat
Removal Systems

At Peach Bottom, there are several diverse
means for heat removal. These systems are:

Main steam/feedwater system,;

Suppression pool cooling mode of residual
heat removal (RHR);

Shutdown cooling mode of RHR;

Containment spray system mode of RHR;
and

Containment venting.

This diversity has greatly reduced the impor-
tance of transients with long-term loss of heat
removal.

Diesel Generators

Peach Bottom is a two-unit site with four
emergency diesels shared between the two
units. One diesel can supply the necessary
power for both units. DC power to start the
diesels is supplied from vital dc station batter-
ies. The four emergency diesels share a com-
mon service water system that provides oil
cooling, jacket, and air cooling. The Peach
Bottom emergency diesels historically have

NUREG~1150
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had a failure-to-start probability that is much
better than the industry average, e.g., a fac-
tor of ~10 lower failure probability.

Battery Capacity

Philadelphia Electric Company (PECo) has
performed analyses of the battery life based
on the current station blackout procedures.
PECo estimates that the station batteries at
Peach Bottom are capable of lasting at least
12 hours in a station blackout. They have re-
vised their station blackout procedure to in-
clude load shedding in order to ensure a
longer period of injection and accident moni-
toring. The ability to ensure availability for
12 hours reduces the frequency of core dam-
age resulting from station blackout accident
sequences.

Emergency Service Water (ESW) System

The ESW system provides cooling water to
selected equipment during a loss of offsite
power. The system has two full capacity self-
cooled pumps whose suction is from the Con-
owingo pond and a backup third pump with a
separate water source. Failure of the ESW
system would quickly fail operating diesel
generators and potentially fail the low-
pressure core spray (LPCS) pumps and the
RHR pumps. The HPCI pumps and RCIC
pumps would fail (in the long term) from a
loss of their room cooling after a loss of the
ESW system.

It should be noted that there is an outstand-
ing issue regarding the need for ESW that in-
volves whether or not the LPCS/RHR pumps
actually require ESW cooling. PECo has
stated that these pumps are designed to oper-
ate with working fluid temperatures ap-
proaching 160°F without pump cooling. This
implies that in scenarios where the ESW gys-
tem has been lost, these pumps could still op-
erate; some RHR pumps would be placed in
the suppression pool cooling mode and there-
fore keep the working fluid at less than
160°F. It is felt that there is significant valid-
ity to these arguments. However, because it is
uncertain whether the suppression pool water
can be maintained below 160°F in some se-
quences and whether PECo has properly ac-
counted for pump heat addition to the sys-
tem, the analysis summarized here assumes
these LPCS/RHR pumps will fail upon loss of
ESW cooling.



Automatic and Manual Depressurization
System

The automatic depressurization system
(ADS) is designed to depressurize the reactor
vessel to a pressure at which the low-pressure
injection systems can inject coolant. The
ADS consists of five safety relief valves capa-
ble of being manually opened. The operator
may manually initiate the ADS or may
depressurize the reactor vessel, using the six
additional relief valves that are not con-
nected to the ADS logic. The ADS valves are
located inside the containment; however, the
instrument nitrogen and the dc power re-
quired to operate the valves are supplied
from outside the containment.

Standby Liquid Control (SLC) System

The SLC system provides a backup method
that is redundant but independent of the
control rods to establish and maintain the re-
actor subcritical. The suction for the SLC
system comes from a control tank that has
sodium pentaborate in solution with
demineralized water. Most of the SL.C system
is located in the reactor building outside the
drywell. Local access to the SLC system
could be affected by containment failure or
containment venting.

Venting Capability

The primary containment venting system at
Peach Bottom is used to prevent containment
pressure limits from being exceeded. There
are several vent paths:

®  2-inch torus vent to standby gas treat-
ment (SBGT),

®  6-inch integrated leak rate test (ILRT)
pipe from the torus,

18-inch torus vent path,

18-inch torus supply path,

2-inch drywell vent to SBGT,

Two 3-inch drywell sump drain lines,
6-inch ILRT line from drywell,
18-inch drywell vent path, and
18-inch drywell supply path.

The types of sequences on which venting has
the most effect are transients with long-term
loss of decay heat removal. The chance of
survival of the containment is increased with
venting; therefore, the core damage fre-
quency from such sequences is reduced.
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If the reactor is at decay heat loads, venting
using the 6-inch ILRT line or equivalent as a
minimum is sufficient to lessen the contain-
ment pressure. However, in an ATWS se-
quence, three to four of the large 18-inch
vent pathways need to be used in order to
achieve the same effect. It is preferable to
use a vent pathway from the torus rather than
from the drywell because of the scrubbing of
radioactive material coming through the sup-
pression pool.

It is significant to note that the 6-inch ILRT
line is a solid pipe rather than ductwork, so
that venting by means of this pipe does not
create a severe environment within the reac-
tor building; use of the 18-inch lines will re-
sult in failure of the ductwork and severe en-
- vironments within the reactor building.

10. Location of Control Rod Drive (CRD)

Pumps

The CRD pumps at Peach Bottom are not lo-
cated in the reactor building (like most
plants) but are in the turbine building.
Therefore, in a severe accident where severe
environments are sometimes created, the
CRD pumps are not subjected to these envi-
ronments and can continue to operate.

4.2.3

The emergency operating procedures (EOPs) at
Peach Bottom direct the operator to perform cer-
tain actions depending on the plant conditions or
symptoms (e.g., reactor vessel level below top of
active fuel). Different accident sequences can
have similar symptoms and therefore the same
“recovery” actions. The operator actions that
either are important in reducing accident frequen-
cies or are contributing to accident frequencies
are discussed and can apply to many different ac-
cident sequences. '

Important Operator Actions

The quantification of these human failure events
was based on an abbreviated version of the
THERP method (Ref. 4.7). These failure events
include the following:

®  Actuate core cooling

In an accident where feedwater is lost (which
includes condensate), the reactor vessel
water level starts to decrease. When Level 2
is reached, HPCI and RCIC should be auto-
matically actuated. If Level 1 is reached, the
automatic depressurization system (ADS)
should be actuated with automatic actuation
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of the low-pressure core spray (LPCS) and
low-pressure coolant injection (LPCI). If
these systems fail to actuate, the operator can
attempt to manually actuate them from the
control room. In addition, the operator can
attempt to recover the power conversion sys-
tem (PCS) (i.e., feedwater) or manually initi-
ate control rod drive (CRD) (i.e., put CRD
in its enhanced flow mode). If automatic
depressurization failure was one of the faults,
the operator can manually depressurize so
that LPCS and LPCI can inject. Lastly, the
operator also has the option to align the
HPSW to LPCI for another core cooling sys-
tem.

Establish containment heat removal

Besides core cooling, the operator must also
establish containment heat removal (CHR).
Without CHR, the potential exists for operat-
ing core cooling systems to fail. If an accident
occurs, the EOPs direct the operator to initi-
ate the suppression pool cooling mode of re-
sidual heat removal (RHR) after the suppres-
sion pool temperature reaches 95°F. The
operator closes the LPCI injection valves and
the heat exchanger bypass valves and opens
the suppression pool discharge valves. He
also ensures that the proper service water sys-
tem train is operating. With suppression pool
cooling (SPC) functioning, CHR is being per-
formed. If system faults preclude the use of
SPC, the operator has other means to pro-
vide CHR. He can actuate other modes of
RHR such as shutdown cooling or contain-
ment spray; or the operator can vent the con-
tainment to remove the heat.

Restore service water

Many of the components/systems require
cooling water from the emergency service
water (ESW) system in order to function. If
the ESW pumps fail, the operator can manu-
ally start the emergency cooling water pump,
which is a backup to the ESW pumps.

Specifically for station blackout, there are certain
actions that can be performed by the operating
crew:

Recovering ac power

Station blackout is caused by the loss of all ac
power, i.e., both offsite and onsite power.
Restoring offsite power or repairing the diesel
generators was included in the analysis. The
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quantification of these human failure events
was derived from historical data (i.e., actual
time required to perform these repairs) and
not by performing a human reliability analysis
on these events.

Transients where reactor trip does not occur (i.e.,
ATWS) involve accident sequences where the
phenomena are more complex. The operator ac-
tions were evaluated in more detail (using the
SLIM-MAUD* method performed by Brook-
haven National Laboratory (Ref. 4.8)) than for
the regular transients. These actions include the
following:

Manual scram

A transient that demands the reactor to be
tripped occurs, but the reactor protection
system (RPS) fails from electrical faults. The
operator can then manually trip the reactor
by first rotating the collar on the proper
scram buttons and then depressing the but-
tons, or he can put the reactor mode switch
in the “shutdown” position.

Insert rods manually

If the electrical faults fail both the RPS and
the manual trip, the operator can manually
insert the control rods one at a time.

Actuate standby liquid control (SLC)

With the reactor not tripped, reactor power
remains high; the reactor core is not at decay
heat levels. This can present problems since
the CHR systems are only designed to decay
heat removal capacity. However, the SLC
systemn (manually activated) injects sodium
pentaborate that reduces reactor power to
decay heat levels. The EOPs direct the op-
erator to actuate SLC if the reactor power is
above 3 percent and before the suppression
pool temperature reaches 110°F. The opera-
tor obtains the SLC keys (one per pump)
and inserts the keys into the switches and
turns only one to the “on” position.

Inhibit automatic depressurization system
(ADS)

In an ATWS condition, the operator is di-
rected to inhibit the ADS if he has actuated
SLC. The operator must put both ADS
switches in the inhibit mode.

*SLIM-MAUD is a computer algorithm for transforming

man-man and man-machine information into probability
statements.



®  Manually depressurize reactor

If the high-pressure coolant injection (HPCI)
fails, inadequate high-pressure core cooling
occurs. Because the ADS was inhibited,
when Level 1 is reached, ADS will not occur
and the operator must manually depressurize
so that low-pressure core cooling can inject.

4.2.4 Important Individual Events and
Uncertainties (Core Damage

Frequency)

As discussed in Chapter 2, the process of develop-
ing a probabilistic model of a nuclear power plant
involves the combination of many individual
events (initiators, hardware failures, operator er-
rors, etc.) into accident sequences and eventually
into an estimate of the total frequency of core
damage. After development, such a model can
also be used to assess the relative importance and
contribution of the individual events. The detailed
studies underlying this report have been analyzed
using several event importance measures. The re-
sults of the analyses using two measures, “risk
reduction” and “uncertainty” importance, are
summarized below.

® Risk (core. damage frequency) reduction im-
portance measure (internal events)

The risk-reduction importance measure is
used to assess the change in core damage fre-
quency as a result of setting the probability of
an individual event to zero. Using this meas-
ure, the following individual events were
found to cause the greatest reduction in core
damage frequency if their probabilities were
set to zero:

—  Mechanical failure of the reactor pro-
tection system. The core damage fre-
quency would be reduced by approxi-
mately 52 percent.

—  Transient initiators with the power con-
version system available. The core dam-
age frequency would be reduced by ap-
proximately 47 percent.

- Loss of offsite power initiating event.
The core damage frequency would be
reduced by approximately 39 percent.

~  Operator failure to restore the standby
liquid control system after testing. The
core damage frequency would be re-
duced by approximately 25 percent.
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—  Operator failure to initiate emergency
heat sink. The core damage frequency
would be reduced by approximately 17
percent.

- Operator failure to actuate standby lig-
uid control system. The core damage
frequency would be reduced by approxi-
mately 16 percent.

—  Operator miscalibrates reactor pressure
sensors. The core damage frequency
would be reduced by approximately 12
percent.

Note that the top risk-reduction events do
not necessarily appear in the most frequent
sequences since the latter sequences may re-
sult from the cumulative influence of many
lesser contributors.

® Uncertainty importance measure (internal
events)

A second importance measure used to evalu-
ate the core damage frequency analysis re-
sults is the uncertainty importance measure.
For this measure, the relative contribution of
the uncertainty of individual events to the
uncertainty in total core damage frequency is
calculated. Using this measure, the following
events were found to be most important:

- Mechanical failure of the reactor pro-
tection system.

—  Failure of the diesel generators to con-
tinue to run once started.

— Loss of offsite power or transients with
the power conversion system available.

—  Miscalibration of the reactor pressure
sensors by the operator.

- Operator failure to restore the standby lig-
uid control system after testing.

4.3 Containment Performance Analysis

4.3.1 Results of Containment Performance
Analysis

The Peach Bottom Mark I containment design
concept consists of a pressure-suppression con-
tainment system that houses the reactor vessel,
the reactor coolant recirculating loops, and other
branch connéctions to the reactor coolant system.
The containment design consists of a light-bulb-
shaped drywell and a water-filled toroidal-shaped
suppression pool. Both the drywell and the sup-
pression pool are freestanding steel shells with the
drywell region backed by a reinforced concrete
structure. The containment system has a volume
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of 320,000 cubic feet and is designed to withstand
a peak pressure of 56 psig resulting from a pri-
mary system loss-of-coolant accident. The esti-
mated mean failure pressure for Peach Bottom’s
containment system is 148 psig, which is very simi-
lar to that for large PWR containment designs.
However, its small free volume relative to other
containment types significantly limits its capacity
to accommodate noncondensible gases generated
in severe accident scenarios in addition to increas-
ing its potential to come into contact with molten
core material. The complexity of the events oc-
curring in severe accidents has made predictions
of when and where Peach Bottom’s containment
would fail heavily reliant on the use of expert
judgment to interpret and supplement the limited
data available.

The potential for early containment failure (be-
fore or within roughly 2 hours after reactor vessel
breach) is of principal concern in Peach Bottom's
risk analysis. For the Peach Bottom Mark I type
of containment, the principal mechanisms that
can cause its early failure are (1) drywell shell
meltthrough due to its interaction with the molten
core material released from the breached reactor
pressure vessel, (2) overpressure failure of the
drywell due to rapid direct containment heating
following reactor vessel breach, and (3) stretching
of the drywell head bolts (due to internal pressuri-
zation) causing a direct leakage path from the sys-
tem. Possible overpressure failures due to hydro-
gen combustion effects are of negligible
probability for Peach Bottom since the contain-
ment is inerted. In addition to the early modes of
containment failure, core damage sequences can
also result in late containment failure or no con-
tainment failure at all.

The results of the Peach Bottom containment
analysis are summarized in Figures 4.5 and 4.6.
Figure 4.5 contains a display of information in
which the conditional probabilities of 10 contain-
ment-related accident progression bins; e.g., V.B-
early WWF - >200, are presented for each of six
plant damage states, such as station blackout. This
information indicates that, on a plant damage
state frequency-weighted average,* the mean con-
ditional probability from internally initiated acci-
dents of: (1) early wetwell failure is about 0.03,
(2) early drywell failure is about 0.52, (3) late
failure of either the wetwell or drywell is’ about
0.04, and (4) no containment failure is about

*Each value in the column in Figure 4.5 labeled “All” is
obtained by summing the products of individual acci-
dent progression bin conditional probabilities for each
plant damage state and the ratio of the frequency of that
plant damage state to the total core damage frequency.
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0.27. Figure 4.6 further displays the conditional
probability distribution of early containment fail-
ure for each plant damage state, thereby providing
the estimated range of uncertainties in these con-
tainment failure predictions. The important con-
clusions that can be drawn from the information
in these two figures are: (1) there is a high mean
probability (i.e., 50%) that the Peach Bottom
containment will fail early for the dominant plant
damage states; (2) early containment failures will
primarily occur in the drywell structure resulting in
a bypass of the suppression pool’s scrubbing ef-
fects for radioactive material released after vessel
breach; and (3) the principal cause of early
drywell failure is drywell shell meltthrough. The
data further indicate that the early containment
failure probability distributions for most plant
damage states are quite broad. Also presented in
these displays of containment failure information
is evidence that there is a high probability of early
containment failure during external events such as
fire and earthquakes. Specifically, the seismic
analysis indicates that the conditional probability
of early containment failure from all causes, i.e.,
direct containment structural failure or related
failure from the effects of a core damage event,
could be as high as 0.9.

Additional discussion on containment perform-
ance (for all studied plants) is provided in Chapter
9.

4.3.2 Important Plant Characteristics

(Containment Performance)

Characteristics of the Peach Bottom containment
design and operation that are important during
core damage accidents include:

1. Containment Inerting

The Peach Bottom containment is main-
tained in an inerted state, i.e., nitrogen
filled. This inérted containment condition
significantly reduces the chance of hydrogen
combustion in the containment, thereby re-
moving a major threat to its failure. How-
ever, hydrogen combustion in the reactor
building is a possibility for some severe acci-
dent sequences.

2. Drywell Sprays

The Peach Bottom drywell contains a spray
header that can be used to mitigate the ef-
fects of the actions of molten core material
on the floor of the drywell. In particular, the
spray system may provide sufficient water to
prevent the molten core material from com-
ing into contact with the drywell shell and po-
tentially causing its failure.
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4.4 Source Term Analysis

4.4,1 Results of Source Term Analysis

Failure of the drywell shell following vessel
meltthrough is a characteristic of the risk-
dominant accident progression bins for the Peach
Bottom plant. Figure 4.7 illustrates the source
terms for the early failure accident progression bin
in which the reactor coolant system is pressurized
(> 200 psi) at the time of vessel failure. In com-
parison with the bypass release that was illustrated
for Surry in Figure 3.7, the core fractions of the
volatile groups (iodine, cesium, and tellurium) re-
leased to the environment are slightly reduced.
For the majority of accident sequences in Peach
Bottom, the radionuclides released from fuel in-
vesse] must pass through the suppression pool
where substantial decontamination is possible. In
sequences where the drywell spray system is oper-
able, the ex-vessel release will also be mitigated by
the spray or an overlaying pool of water. Both the
in~vessel and ex-vessel releases will receive further
attenuation in the reactor building before release
to the environment. Even if the decontamination
factor of some of these stages is small, the overall
effect is to make the likelihood of a very large
release quite small.

The Peach Bottom plant has instituted emergency
operating procedures to vent the containment in
the wetwell region to avoid failure by overpres-
surization. Figure 4.8 shows the source terms for
the accident progression bin in which the contain-
ment is vented and no subsequent failure of the
containment occurs. The source terms for the
volatile radionuclide groups are less than those for
the early drywell failure bin discussed previously.
In both cases, scrubbing of the in-vessel release by
the suppression pool has the principal mitigating
influence on the environmental release. The re-
lease fractions for the less volatile groups are
smaller for the vented accident progression bin
but only by approximately a factor of one-half.
There are two reasons why the differences be-
tween the environmental release of the ex-vessel
species for the vented and drywell failure cases
are not greater. The decontamination capability of
the suppression pool for ex-vessel release, in
which. the flow is through the downcomers, is
somewhat less than for the in-vessel release, which
passes through spargers on the safety relief lines.
Thus, even though the ex-vessel release must pass
through the pootl for the vented case, the decon-
tamination factor may be small. The ex-vessel re-
lease for the drywell failure accident progression
bin will at least be subjected to decontamination
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in the reactor building and possibly to sprays and
scrubbing by an overlaying water layer.

The range of uncertainty in the release for the
barium and strontium radionuclide groups is par-
ticularly evident. The spread between the mean
and median is two orders of magnitude. Although
the release is likely to be quite small, the mean
value of the release is as high as the mean value
for the tellurium release.

Additional discussion on source term perspectives
is provided in Chapter 10.

4.4.2 Important Plant Characteristics
(Source Term)

Reactor Building

The Peach Bottom containment is located
within a reactor building. A release of radio-
active material to the reactor building will
undergo some degree of decontamination be-
fore release to the environment. An impor-
tant consideration in determining the magni-
tude of building decontamination is whether
hydrogen combustion occurs in the building
and whether combustion is sufficiently ener-
getic to fail the building. The range of decon-
tamination- factors for the reactor building
used in the study is from 1.1 to 10 with a
median value of 3 for typical accident condi-
tions.

Pressure-Suppression Pool

The pressure-suppression pool is particularly
effective in the reduction of the in-vessel re-
lease component of the source terms for
Peach Bottom. The range of decontamina-
tion factors used is from 1.2 to 4000 with a
median of 80 for flow through the safety re-
lief valve lines.

The submergence is less and bubble size is
larger for flow through the downcomers than
for the spargers through which the in-vessel
release is most likely to enter the pool. As a
result, the decontamination factor for the ex-
vessel release or any in-vessel release that
passes through the drywell is smaller, ranging
from approximately 1 to 90 with a median of
10. Furthermore, the likelihood of failure of
the drywell at the time of vessel meltthrough
is predicted to be high. For scenarios involv-
ing early drywell failure, the suppression pool
would be bypassed during the period of core-
concrete interaction and radionuclide re-
lease.
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3. Venting

The Peach Boitom containment can be
vented from the wetwell air space. By pre-
venting containment failure, venting can po-
tentially prevent some scenarios from becom-
ing core damage accidents. In scenarios that
proceed to fuel melting, venting can lead to
the mitigation of the release of radioactive
material to the environment by ensuring that
the release passes through the suppression
pool. The effect of venting on core damage
frequency is described in Chapter 8. Figure
4.8 illustrates the source term characteristics
for the venting accident progression bins. Al-
though the source terms are somewhat less
than for the early drywell failure accident
progression bin, the uncertainties in the re-
lease fractions are quite broad. At the high
end of the uncertainty range, it is possible
that 40 percent of the core inventory of io-
dine could be released to the environment.

The effectiveness of venting to mitigate se-
vere accident release of radioactive material
is limited in the Peach Bottom analyses be-
cause of the high likelihood of early drywell
failure, particularly as the result of direct at-
tack of the shell by molten core debris. If
direct attack of the containment shell is de-
termined not to lead to failure or if effective
means are found to preclude failure, the ef-
fectiveness of venting could be greater. How-
ever, considering the range of uncertainties
in the source term analyses, the predicted
consequences of vented accident progression
bins are not necessarily minor.

4.5 Offsite Consequence Results

Figures 4.9 and 4.10 display the frequency distri-
butions in the form of graphical plots of the com-
plementary cumulative distribution functions
(CCDFs) of four offsite consequence measures—
early fatalities, latent cancer fatalities, and the
S0-mile and entire site region population expo-
sures (in person-rems). The CCDFs in Figures 4.9
and 4.10 include contributions from all source
terms associated with reactor accidents caused by
the internal initiating events and fire, respectively.
Four CCDFs, namely, the S5th percentile, 50th
percentile {median), 95th percentile, and the
mean CCDFs, are shown for each consequence
measure.

Peach Bottom plant-specific and site-specific pa-

rameters were used in the consequence analysis
for these CCDFs. The plant-specific parameters
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included source terms and their frequencies, the
licensed thermal power (3293 MWt) of the reac-
tor, and the approximate physical dimensions of
the power plant building complex. The site-spe-
cific parameters included exclusion area radius
(820 meters), meteorological data for 1 full year
collected at the site meteorological tower, the site
region population distribution based on the 1980
census data, topography (fraction of the area that
is land—the remaining fraction is assumed to be
water), land use, agricultural practice and produc-
tivity, and other economic data for up to 1,000
miles from the Peach Bottom plant. ‘

The consequence estimates displayed in these fig-
ures have incorporated the benefits of the follow-
ing protective measures: (1) evacuation of 99.5
percent of the population within the 10-mile
plume exposure pathway emergency planning
zone (EPZ}, (2) early relocation of the remaining
population only from the heavily contaminated
areas both within and outside the 10-mile EPZ,
and (3) decontamination, temporary interdiction,
or condemnation of land, property, and foods
contaminated above acceptable levels.

The population density within the Peach Bottom
10-mile EPZ is about 90 persons per square mile.
The average delay time before evacuation (after a
warning prior to radionuclide release) from the
10-mile EPZ and average effective evacuation
speed used in the analyses were derived from in-
formation contained in a utility-sponsored Peach
Bottom evacuation time estimate study (Ref. 4.9)
and the NRC requirements for emergency plan-
ning.

The results displayed in Figures 4.9 and 4.10 are
discussed in Chapter 11.

4.6 Public Risk Estimates

4.6.1 Results of Public Risk Estimates

A detailed description of the results of the Peach
Bottom risk is provided in Reference 4.2. For this
summary report, results are provided for the fol-
lowing measures of public risk:

®  Early fatality risk,
Latent cancer fatality risk,

e  Population dose within 50 miles of the site,
®  Population dose within the entire site region,
]

Individual early fatality risk in the population
within 1 mile of the Peach Bottom exclusion
area boundary, and

o Individual latent cancer fatality risk in the popu-
lation within 10 miles of the site.
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The first four of the above measures are com-
monly used measures in nuclear power plant risk
studies. The last two are those used to compare
with the NRC safety goals (Ref. 4.10).

4.6.1.1 Internally Initiated Accident
Sequences

The results of the risk studies using the above
measures are shown in Figures 4.11 through 4.13.
The figures display the variabilities in mean risks
estimated from the meteorology-averaged condi-
tional mean values of the consequence measures.
For the first two measures, the results of the first
risk study of Peach Bottom, the Reactor Safety
Study (Ref. 4.3), are also provided. As may be
seen, the early fatality risk from Peach Bottom is
estimated to be very low. Latent cancer fatality
risks are lower than those of the Reactor Safety
Study. The risks of population dose and individual
early fatality risk are also very low, and the indi-
vidual latent cancer fatality risk is orders of mag-
nitude lower than the NRC safety goals. These
comparisons are discussed in more detail in Chap-
ter 12.

The risk results shown in Figure 4.11 have been
analyzed to determine the relative contributions of
plant damage states and accident progression bins
to mean risk. The results of this analysis are pro-
vided in Figures 4.14 and 4.15. As can be seen
from these figures, and from the supporting docu-
ment (Ref. 4.2), the major contributors to both

early and latent cancer fatality risks are from sta-

tion blackout (SBO) and anticipated transients
without scram (ATWS). The dominant accident
progression bins are early containment failure and
drywell failure caused by drywell meltthrough and
loads at vessel breach (due to direct containment
heating, steam blowdown, or quasistatic pressure
from steam explosion).

4.6.1.2 Externally Initiated Accident
Sequences

As discussed in Section 4.2.1.2, the Peach Bot-

tom plant has been analyzed for two externally -

initiated accidents: earthquakes and fire. The fire
risk analysis has been performed through the esti-
mates for consequences and risk measures,
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whereas, as explained in Chapter 2, the seismic
analysis has been conducted up to containment
performance. Sensitivity analyses of seismic risk at
Peach Bottom are provided in Reference 4.2.

Results of fire risk analysis (variabilities in mean
risks estimated from the meteorology-averaged
conditional mean values of the consequence
measures) of Peach Bottom are shown in Figures
4.16 through 4.18 for early fatality, latent cancer
fatality, population dose (within 50 miles of the
site and within the entire site region), and individ-
ual early and latent cancer fatality risks. Major
contributions to early and latent cancer fatality
risks are shown in Figure 4.19. As can be seen,
early and latent cancer fatality risks for fire at
Peach Bottom are dominated by early contain-
ment failure and drywell failure caused by drywell
meltthrough and loads at vessel breach. Other risk
measures are slightly higher than those for inter-
nally initiated events but well below NRC safety
goals.

4.6.2 Important Plant Characteristics (Risk)

The risk from the internal events are driven by
long-term station blackout (SBO) and anticipated
transients without scram (ATWS). The domi-
nance of these two plant damage states can be at-
tributed to both general BWR characteristics and
plant-specific design. BWRs in general have more
redundant systems that can inject into the reactor
vessel than PWRs and can readily go to low pres-
sure and use their low-pressure injection systems.
This means that the dominant plant damage states
will be driven by events that fail a multitude of
systems (i.e., reduce the redundancy through
some common-mode or support system failure) or
events that only require a small number of systems
to fail in order to reach core damage. The station
blackout plant damage state satisfies the first of
these requirements in that all systems ultimately
depend upon ac power, and a loss of offsite power
is a relatively high probability event. The total
probability of losing ac power long enough to in-
duce core damage is relatively high, although still
low for a plant with Peach Bottom’s design. The
ATWS scenario is driven by the small number of
systems that are needed to fail and the high stress
upon the operators in these sequences.

NUREG-1150
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Figure 4.11 Early and latent cancer fatality risks at Peach Bottom (internal initiators).
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Figure 4.12 Population dose risks at Peach Bottom (internal initiators).
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Figure 4.13 Individual early and latent cancer fatality risks at Peach Bottom (internal initiators).
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Figure 4.14 Major contributors (plant damage states} to mean early and latent
cancer fatality risks at Peach Bottom (internal initiators).
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Figure 4.15 Major contributors (accident progression bins) to mean early and
latent cancer fatality risks at Peach Bottom (internal initiators).
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Figure 4.16 Early and latent cancer fatality risks at Peach Bottom (fire initiators).
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Figure 4.17 Population dose risks at Peach Bottom (fire initiators).
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Figure 4.18 Individual early and latent cancer fatality risks at Peach Bottom (fire initiators).
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Figure 4.19 Major contributors (accident progression bins) to mean early and latent cancer
fatality risks at Peach Bottom (fire initiators).
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5. SEQUOYAH PLANT RESULTS

5.1 Summary Design Information

The Sequoyah Nuclear Power Plant is a two-unit
site. Each unit, designed by Westinghouse Corpo-
ration, is-a four-loop pressurized water reactor
(PWR) rated at 1148 MWe and is housed in an
ice condenser containment. The balance of plant
systems were engineered and built by the utility,
the Tennessee Valley Authority. Sequoyah 1
started commercial operation in 1981. Some im-
portant design features of the Sequoyah plant are
described in Table 5.1. A general plant schematic
is provided in Figure S5.1.

This chapter provides a summary of the results
obtained in the detailed risk analyses underlying
this report (Refs. 5.1 and 5.2). A discussion of
perspectives with respect to these results is pro-
vided in Chapters 8 through 12.

5.2 Core Damage Frequency Estimates

5.2.1 Summary of Core .Damage Frequency
Estimates

The core damage frequency and risk analyses per-
formed for this study considered accidents initi-
ated only by internal events (Ref. 5.1); no
external-event analyses were performed. The core
damage frequency results obtained are provided
in tabular form in Table 5.2 and in graphical
form, displayed as a histogram, in Figure 5.2
(Section 2.2.2 discusses histogram development).
This study calculated a total median core damage
frequency from internal events of 3.7E-5 per
year.

5.2.1.1 Internally Initiated Accident
Sequences

Twenty-three individual accident sequences were
identified as important to the core damage fre-
quency estimates for Sequoyah. A detailed de-
scription of these accident sequences is provided
in Reference 5.1, For the purpose of discussion
here, the accident sequences have been grouped
into five summary plant damage states. These are:

e  Station blackout,

®  Loss-of-coolant accidents (LOCAs),

®  Anticipated transients without scram
(ATWS),

® Transients other than station blackout and
ATWS, and
& Interfacing-system LOCA and steam genera-

tor tube rupture (bypass accidents).

The relative contributions of these groups to the
total mean core damage frequency at Sequoyah is
shown in Figure 5.3. It is seen that loss-of-coolant
accidents as a group are the largest contributors to
core damage frequency. Within the general class
of loss-of-coolant accidents, the most probable
combinations of failures are:

® Intermediate (2” <D< 6”), small (1/2<D<
2"), and very small (D < 1/2") size LOCAs
in the reactor coolant system piping followed
by failure of high-pressure or low-pressure
emergency coolant recirculation from the
containment sump. Coolant recirculation
from the containment sump can fail because
of valve failures, pump failures, plugging of
drains or strainers, or operator failure to cor-
rectly reconfigure the emergency core cooling
system (ECCS) equipment for the recircula-
tion mode of operation.

Station blackout sequences as a group are the sec-
ond largest contributor to core damage frequency.
Within this group, the most probable combina-
tions of failures are:

®  Station blackout with failure of the auxiliary
feedwater (AFW) system. Core uncovery is
caused by failure of the AFW system to pro-
vide steam generator feed flow, thus causing
gradual heatup and boiloff of reactor cool-
ant, Station blackout also results in the un-
availability of the high-pressure injection sys-
tems for feed and bleed. The dominant
contributors to this sequence are the station
blackout followed by initial turbine-driven
AFW pump unavailability due to mechanical
failure or maintenance outage, or failure of
the operator to open air-operated valves after
depletion of the instrument air supply.

Station blackout with initial AFW operation
that fails at a later time because of battery
depletion or station blackout, with reactor
coolant pump (RCP) seal LOCA because of
loss of all RCP seal cooling. Station blackout
results in a loss of seal injection flow to the
RCPs and a loss of component cooling water
to the RCP thermal barriers, This condition
results in vulnerability of the RCP seals to

NUREG-1150
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Table 5.1 Summary of design features: Sequoyah Unit 1.

1. Coolant Injection System a. Charging system provides safety injection flow, emergency
boration, feed and bleed cooling, and normal seal injection
flow to the RCPs,* with 2 centrifugal pumps.

b. RHR system provides low-pressure emergency coolant
injection and recirculation following LOCA, with 2 trains
and 2 pumps.

¢. Safety