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4.0 BRack Fnd Analysis

The back-end (or Level 2) portion of the IPE undertakes an assessment of the progression of
accident sequences beyond the point of core damage. Evaluation of the likely modes of
containment failure is the principal objective. This evaluation includes both the probability of
cach of the potential modes of containment failure and the characterization of the radionuclide
releases that may accompany each mode. The results are reported in terms of the frequency
(e, expected number of occurrences per year) of specific release categories, A release
category is characterized by the fraction of the initial core inventory of fission products that is
released from the containment and the timing of that release,

The approach applied for this analysis is based on that developed for the Nuclear Safety
Analysis Center (NSAC) of the Electric Power Rescarch Institute (EPRI) [1].  Uadar this
methodology accident progression, the containment loads resulting from that progression, and
the response of containments to those loads are predicted probabilistically. Logic models,
similar to those used for the front-end (i.e., Level 1) analysis are used to support the evaluation
of results.  Quantification of the logic models 1s based on mechanistic analysis of the plant
features and the phenomena involved. The Modular Accident Analysis Program (MAAP) (2)
was used as the principal tool for developing an integrated perspective on plant response o
postulated severe accidents.

4.1 Plant Description

Hope Creck Generating Station (HCGS) is a General Electric Company BWR/4-251 (251"
diameter vessel) in a Mark | containment,  HCGS is very similar to Peach Botiom, Unit 2,
which was used as the reference plant for this analysis. The principal difference is the use of
a sccondary containment building rather than a reactor building to house support systems,
Figure 4.1-1 provides an ¢levaion plan view of the plant. The Mark 1 primary containment is
composed of two connecting structures. The first structure, the drywell, 1s an inverted light-bulb
shape steel pressure vessel containing the reactor vessel, the reactor coolant recirculation system,
and other primary system piping.  The second structure, the wetwell or torus, is a toroidal
shaped steel pressure vessel placed below and encircling the drywell. The drywell is connected
to the wetwell via eight 6'-2" 1D vent pipes [1], that feed into a header inside the wetwell and
then to downcomers which extend down into the 118,800 ft' [2] volume of water that forms the
suppression pool. Dual isolation valves in series are provided on the various process lines (e.g.,
main steam lines) penetrating the containment to ensure containment of radioactive materials
released from the primary system in the event of an accident,
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4.1.1 Engineered Safeguards

This section provides a summary discussion of the systems that were considered as having the
potential 1o affect or mitigate the progression of postulated severe accidents, All of these
systems require power to operate.  With the exception of reactor pressure vessel (RPV)
depressurization, AC power, either from the diesels or from offsite, is required for their
operation. 1t s recognized that these systems would be required to operate under conditions that
are more severe than their design basis.  This has been accounted for both in the structure of
the back-end analysis model and the evaluation of failure probabilities,

Residual Hear Removal

Low Pressure Coolant Injection (LPCH, Suppression Pool Cooling (SPC) and Containment Spray
System (CSS) are three modes of the Residual Heat Removal (RHR) system that are relevant to
postulated severe accident progression.  SPC and CSS can be used to remeve heat from the
containment, LPCI can be used to inject coolant into the primary system but does not remove
heat. in the current analysis, the Low Pressure Core Spray (LPCS) is modeled identically to
LPCL The term Low Pressure Emergency Core Cooling System (ECCS) is applied to either
or both, The SPC system takes water from the suppression pool, passes it through heat
exchangers, and discharges it back into suppression pool. The CSS system takes water from the
suppression pocl, passes it through heat exchangers, and discharges the water through spray
headers in the drywell and torus.  Energy is removed from the primary containment to lower
temperature and pressure,

The RHR system consists of iwo independent system loops with two independent trains in each
loop.  Each train contains one pump. There is one heat exchanger for each loop. The RHR
system is capable of performing its intended function if either one of the two loops are
operating, Valve positions in discharge lines are changed to operate the different modes. Both
SPC and CSS are emergency AC powered and are unavailable in station blackout scenarios
unless offsite power is recovered. Interlocks are provided to prevent LPCI flow from being
diverted 1o the containment spray mode within ten minutes of a low water level (i.e., RPV Level
1) signal. This lockout is controlled by a timer. A keylock switch in the control room permits
the overriding of this interlock to reduce comainment pressure if required.

The containment spray subsystems have two loops. The first, consisting of one heat exchanger,
two main system pumps in parailel, and associated piping, 1s located in the northvvest quadrant
of the reactor building at the 54" elevation. The two pumps are located in separate
compartments  The second loop consists of a heat exchanger, two pumps, and piping and is
located in the southwest quadrant of the reactor building at the 54 elevation to minimize the
possibility of a single physical event causing the loss of the entire system, The two pumps are
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also located in separate compartments.  Failure of the RHR system due (0 severe environments
in the secondary containment has been considered.

Reactor Vessel Depressurization

The function of the pressure relief system 1s 10 prevent overpressurization of the RPV and
provide the means for depressurization to allow water make-up from low pressure systems. The
automatic depressurization system (ADS) portion of the pressure relief system operates in
conjunction with the BECCS to reflood the core following transients and small breaks in the
primary system.  ADS is designed to reduce the RPV pressure by discharging s<team to the
suppression pool

The RPV pressure relief system consists of fourteen safety/relief valves (S/RVs), five of which
are part of the ADS. Al fourteen valves are locates upstream of the main steam isolation valves
(MSIVs) on the main steam lines and within the drywell.  S/RVs will open when RPV pressure
exceeds the spring set point, Ti_y are also pilot operated allowing them to be operated by
pheumatic pressure. When opened at the spring setpoint, steam pressure is relieved until the
RPV pressure has dropped 50 to 100 psig below the S/RV opening setpoint, Use of pneumatic
pressure allows operation of the relief valves for automatic depressurization, low-low set (LLS),
and manual pressure relief operations.  Pneumatic pressure is provided by the instrument
nitrogen system. Each S/RV is supplied by a nitrogen accumulator within the drywell,

The fourteen S/RVs all discharge through piping routed to the torus and then through
“T"-quenchers located below the water level, forcing the steam to condense in the torus.
tollowing a S/RV overpressure, ADS, or manual actuation, steam trapped in the relief valve
piping after the relief valve has closed will condense, creating a vacuum within the discharge
piping. This vacuum would draw water up into the piping from the suppression pool, and if the
valves were 10 operate again, a water hammer would occur, possibly causing damage to the
relief valves, and their piping, and o the torus, To protect against this, two 6-inch vacuum
breakers are installed in each of the fourteen relief valve discharge lines [2).

Automatic initiation of the ADS system requires that a low pressure injection pump must be
operating (one LPCI or two LPCS). Thus in the event of station blackout condition, ADS will
not automatically initiate since no low pressure injection pumps will be available. The operator
must then act to manually depressurize the primary system. Both the ADS system and manual
S/RV actuation requires DC power, therefore, the reactor pressure vessel (RPV) can not be or
remain depressurized in sequences with initial DC failure or batteiy vepletion,
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Venting

In compliance with Generic Letter 89-16, PSE&G is installing a 12"-diameter hard pipe vent
line. This line connects the torus air space with the environment. The line is equipped with
dual isolation valves and a 35 psig rupture disk It will be possible 1o perform containment
venting can be initiated from the contral room if AC power is available. Manual local activation
is also possible. Venting will be directed by procedure once the containment reaches 60 psig
(HCGS has 56 psig containment design pressure). Opening the isolation valves at this pressure
fails thy rupture disk and results in containment depressurization to the atmosphere. Procedures
will direct throttling (or periodic reclosure) of the isolation valve(s) to maintain containment
pressure at approximately 60 psig. When the isolation valves are fully open, the effective flow
arca of this lins 1s equivalent to a 6"-diameter opening.  The HCGS IPE was performed
assuming that this system is in place.

Alternate Injection

The back-end analysis considers the use of alternate means to supply water make-up to the
vessel. The condensate and/or condensate booster pumps can be used, when the RPV is at low
pressure and AC power is available, to provide water make-up from the condenser hot well and
condensate storage tank (CST). A cross-tie between RHR and the service water system can
provide water makeup from the ultimate heat sink,  Again, low RPV pressure and AC power
are reqrired. Failure of these systems due 1o severe environments in the secondary containment
15 considered.

The emergeacy operating procedures (EOPs) also direct that the main fire pump system (MFPS)
be used for coolant make-up if other systems are inoperable, The MFPS has dedicated diesels
and 18 independent of normal and emergency AC power. However, for the MFPS to provide
RPV injection, DC power must be available in order to maintain RPV pressure below the MFPS
pump shut-off head. Thus, for instance, the MFPS can not be used in long-term station blackout
sequences in which the station batteries are drained prior to core damage.

4.1.2 Drywell

The drywell for the HCGS containment vessel is made of SA-516, Grade 70 steel. The drywell
head, is hemi-ellipsoidal with a major diameter of 33°-2" [8] and a head thickness of 1,5" [10].
The drywell head is connected to a cylindrical shell, which has a radius of 16'-7" [10] and a
shell thickness of 1.5" [10}. A cone shaped structure connects the cylindrical upper shell to a
lower cylindrical shell. The cone thickness is 1.5" [10]. The lower cyiindrical shell is divided
into two portions. The radius and thickness values for the top portion of the cylindrical shell
are 20°-3" [10) and 1.5" [10]. The lower portion of the cylindrical shell a 20°-3" radius [10)
and a thickness of 0.9375" [10]. A transition knuckle connects the cylindrical shell and

5
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Vent pipes connect the drywell and the pressure suppression chamber. A total of eight circular
vent pipes, each having a diameter of 6’ - 2" inches are anchored at the drywell, radiate outward
at 45 degree intervals, and penetrate the torus shell at alternating segments midway between ring
girders. The drywell vents are connected to a 4' - 3" inch diameter vent header in the form of
a torus (ring header) which is contained within the airspace of the suppression chamber. The
vent header has the same temperature and pressure design requirements as the vent pipes,
Projecting downward from the header are 80 downcomer pipes, each 24 inches in diameter, The
vent header system is supported by 16 pairs of 6 inch pipe columns each pair pinned to the
bottom of a ring girder. The downcomers terminate a minimum of four feet below the surface
of the pool. In addition to its function as a path for energy and mass transfer from the dryweil
to the suppression chamber, the vent pipes also allow the passage of the S/RV tailpipes to the
suppression pool.

The vacuum relief system 15 composed of two separate systems: the wetwell-to-drywell vacuum
breakers and the secondary containment-to-wetwell vacuum breakers. The torus to drywell
vacuum breakers relieve pressure from the wetwell-to-drywell if there is a pressure differential
greater than 0.2 psid. There are eight pairs of torus to drywell vacunm breakers [10]. Each one
is 20-inch swing-check type valve with an attached air operator for testing. The eight pairs of
valves are installed in lines connecting the wetwell airspace to the vent pipes.

The secondaiy containment-to-torus vacuum breaker system relieves pressure from the reactor
building 1o the torus if external (secondary containment) pressure is 0.25 psid above torus
pressure.  Operation of the vacuum breakers will maintain a pressure differential of less than 3
psid, the external design pressure.

4.1.4 Reactor Vessel Pedestal

The primary function of the reactor pedestal is to provide the necessary support required to hold
the reactor pressure vessel (RPV) in its lateral and vertical positions. It also acts as a radiation
and missile barrier.  The pedestal houses the control rod drives and contains drain sumps for
collecting water that leaks from the recirculation pumps and other equipment.

The reactor pedestal is essentially a right circular cylinder with a diameter of 20.25 feet having
a reinforced concrete wall that supports both the reactor pressure vessel and the sacrificial shield
wal!  The pedestal wall is 4 - 10" thick at the bottom and 5" - 9" thick at the top and is
imbedded into the concrete forming the drywell floor. The inside of the pedestal wall has a
stainless steel liner. There is ne liner outside at the floor level of the pedestal wall. There is
a 3-foot by 7-foot personnel access door flush with the drywell floor,

There are two drain sumps inside the pedestal, Clean Radwaste (CRW) and the Dirty Radwaste
(DRW) which are used to collect water from known and unidentified sources respectively. Each

9
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sump is connected 10 a separate sump on the outside of the pedesial wall by a pipe approximately
4 feet under the concrete. The two inside sumps have a cross sectional area of 36 square feet
each, and are 2" 11" deep. Each sump has a stainless steel grating cover 3/16 inch thick. Both
sumps are equipped with pumps and flow rate measuring devices. The pumps pump water to
the radwaste facilities. The bottom of the outside sumps is very close to the drywell shell, The
closest distance from the bottom of these suinps to the drywell shell has been calculated to be
about 7.4 inches.

4.1.5 Secondary Containment

The secondary containment at HCGS completely encloses the reactor and its pressure
suppression primary containment system (Figure 4,1-1), It houses the refueling and reactor
servicing equipment, new and spent fuel storage facilities and other reactor auxiliary and service
equipment.  Also housed within the secondary containment are the emergency core cooling
systeins, reactor water clean-up demineralizer system, standby liquid control system, control rod
drive system, instrumentation for the reactor protection system, and electrical equipment
components.

The secondary containment is a Seismic Category I structure. 1t is constructed of reinforced
concrete both above and below the refueling floor. The reacior well dryer-separator pool and
fuel storage pool are lined with stainless steel [11).

The secondary containn.:nt at HCGS has several floors which are isolated from each other
except for a series of large open hatches that run from Elevation 132" up to the refueling floor
on the west side. There are two enclosed stairways, one on the west side and one in the
southeast corner of the reactor building. There are several pipe chases between floors. It is
expected that steam released ii.to the reactor building will mostly go up the open hatch to the
refucling floor and then out the blowout panels (rated at 0.5 psig) to the environment. There
is a path from the secondary containment to the turbine building via the steam tunnel. There
are several blowout panels at the end of the steam tunuel which opens to the turbine building.
The hall connecting the steam tunnel to the wrbine building is also equipped with blowout
panels. These are expected to reduce the poten.ial for severe environments in the turbine
building should overpressurization of the secondary containment occur,

4.1.6 Plant Data

Table 4.1-1 presents a summary of basic RPV and coutainment data needed for the HCGS 1PE.
The HCGS values are compared to those for Peach Bottom, Unit 2 [12).
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Table 4.1.1. Companison of Basic RPY and Containment Features of
HCGS and Peach Bottom, Unit 2

Purameter Deseription

PLANT NAME HCGS PEACH BOTTOM
TYPE OF REACTOR BWH/& MARK | BWR/4
TYPE OF CONTAINMENT /11786 MARK i
DATE OF COMMERCIAL OPERATION
Reactor Core
Thermal Power (MW,) 1,092 3.2
Nurfiber of Fuel Assomblies T4 764
Number of Cofitral Rods 188 185
Core Weight, Towl (1) 511.502
Uranium Dioxide (Ihin) 365,236 151 440
Zirenloy (In) 49 809 144 382
Misey Hangous - 15,600
Renctor Vessel
Inside Diamater (in) 251 241
Inside Height () 72 .54 n3
Operating Pressure psig) 1.020 1,020
Primary system oper. temp (°F) 588 LR
RPV ligquad mass(kibm) w610
RV xtcam mass (Ibm) 24,500
Number Safety Valves 0 2
Lowest Safety Valve SP (psig) 1,130 1.230
Sufety Valve Capacity (kib/br) 928
Numiber of Safety/Reliel Valves 14 11
Lowest Rel. Valve SP (psig) 1.017 1,108
Relier Valves Cup, (Klbihr) 819
9
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Table 4.1.1. Comparison of Basic RPV and Containment Features of
HCGS and Peach Bottom, Unit 2 (Continued)

“srameter Description
PLANT NAME HCGS PEACH BOTTOM
TYPE OF REACTOR BWR/4 MARK | BWi/a
TYPE OF CONTAINMENT 4/11/86 MARK |
DATE OF COMMERCIAL OPERATION
PRIMARY CONTAINMENT STRUCTURE

Reactor Coolant Reciroulation

Number of Loops 2 3

Number ¢f Pumps 2 2

Inlet Pressute (psig) 1,148 1,148

Outlet Pressure (paig) 2.326 2326

Number of Jet Pumps 20 20

Flow Rate/Pump (gpm) 45.200 45,200
RHR Systomn

Number of Loops 2 2

Number of Pumps K 4

Flow Rate/Pump (gpm @ prig) 10,000 @ 178 10,000 @

Number of Heat Exchanger (Hx) 2 -

Max. Cap of Hx (BTU/Mry (per 2 HX 130,000,000 (for containment 70,000,000

aet)

coaling, MTD = 88 7*F)

10
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4.2 Plant Models and Methods for Physical Processes

A discussion of the use of MAAP and NRC-contractor evaluations of severe accident phenomena
will be included in the final submittal.

4.3 Plant Damage States

Plant damage states (PDS) are bins that group together (or "bin") sequences that present similar
initial and boundi ry conditions to the Containment Event Tree (CET) analysis. To establish the
appropriate plant damage states, a two-step process, similar to that used for NUREG-1150 (2]
was applied.  The first step involved grouping the Level | sequences based on system or
component failures that had the potential to impact the CET results. A larger number of groups
than could reasonably be accommodated within the Level 2 framework resulted, Combining
these initial sequence groups, based on implied timing and combinations of failures that actually
sliered the CET results, constituted the second siep.  Differences within the groups that had
negligible impact on the CET results were essentially screened out. Once the screening criteria
had been applied, a total of eight plant damage states were defined.

4.3.1 Summary of Front End Analysis

The front end analysis involved the construction of systemic event trees to delineate the potential
accident sequences for each initiating event, including special initiators. Fault tree models for
both the front line (e.g., low-pressure core spray, reactor protection) and support (e.g., electric
power, service water) systems were developed. A fault tree linking approach was used to
evaluate the frequency of sequences leading to core damage. Approximately eighty systemic
sequences were evaluated, The frequencies of these sequences ranged from 2 x 10 */yr down
to 1.4 x 10"%yr.

As is typical for BWRs, the core damage results are dominated by transient-initiated sequences
involving failures of a support system (i.e., AC power or service watcr), Sequences initiated
by primary system breaks also contribute. The use of an automatic system for injection of
standby hiquid control at HCGS makes the contribution from anticipated transients without scram
(ATWS) sequences negligible. Eight PDS were required to reflect core damage sequences
exceeding the screening criteria provided in Section 2.1.6 of NUREG-1335. A reevaluation of
sequenves initiated by a anticipated transients without scram (ATWS) is currently being made,
The results may lead to the inclusion of ATWS-initiated PI 3 in the final Level 2 analysis.

4.3.2 Plant Damage State Binning Criteria
The binning criteria were developed based on the eriteria applied in the NUREG-1150 analysis
of Peach Bottom Unit 2 [2]. These criteria are reflected in the logic models that constitute the

EPRI Generic Methodology (7] and in the logic models that support quantification of the HCGS
CET (described in Section 4.5), The initial screening criteria include all system and component

11
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Table 43-1. PDS Bemmng Cntena Descipbion

Description

Importance

Tranemt, LOCA, ATWS

Determumes, m part, the mutial pressure m contamment
and the leakage pathway from the RPV to the
comtamment.

Estimated based on cause of fatlure for vessel make-
up systems’  immedate (30-60 mm). Long-term
i ~4 hrs). and delaved faslure (10-15 b,

Reicase hmung . contamment pressure.

High Low

Vessel pressure durmg core damage (may effect H.
generation),

Ves/No

Vessel pressure st fmbure

Yes/No

Vessel pressure at dure.

YesNo

Abedsty to recover avasiabie water make-up systems.

Yzs/No

SRV operability

Accrdent t:rung if po depressunization

Accident recovery potential cooling of core debns.

Accadent recovery potential cooling of core debrs.

R

Alternate source of make-up for acoydent recovery.

Contamment pressure.

Mitigation of releases outsrde sewondary costamnmens




Table 4.3-2. Example Applcation of Bmmmg Cn 'era

- SRV SORV ! AC DC HPClY | CRD
Operabality Power | Power | RCIC
¥ N  J Y F F
Y v : Y F F
Y N Y Y F ¥
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4 3.3 Plant Damage State Descriptions

The eight PDS for the HCGS back-end analysis are shown in Table 4.3-3. A short summary
f their charactenistics is provided. An approximate range for the frequency is indicated. A
fractional contnbution to the total frequency of accidents considered in the back-end analysis will
be provided in the final submittal,

44  Comainment Failure Characterization

This section describes the assessment of containment performance in response to postulated
severe accident loads. The full range of potential loads, including static pressurization, elevated
temperatures, and dynamic loads resulting from energetic phenomena (e.g., fuel-coolant
interaction) have been considered. The objective of this assessment was the characterization of
the petential containment failure modes. Determinauon of the timing of failure relative to the
predicted progression of accidents was the principal focus,  Failure location, and the
corresponding pathway for fission product release to the secondary containment or environment
was also a primary consideration, It is recognized that the rate at which fission products
released during an accident escape from the containment can have a significant effect on the
magnitude of the overall releases. An assessment of the size of induced failures was also
undertaken,

441 Structural Analysis

A detailed evaluation of the fragility of the HCGS containment has been undertaken [§]. A
complete structural aralysis of the primary containment was performed. Only quasi-static
pressurization was analyzed. The analysis included consideration of all potential failure locations
including:

(1)  Drywell shell,

(2)  Drywell head flange,

{3} Vent lines from the drywell to the suppression pool,
(4)  Torus shell (wetwell),

(5)  Drywell equipment hatch,

(6)  Personnel airlock.

(N Control rod drive (CRD) removal hatch, and

(8)  Piping penetrations,

(9)  Electrical penetrations

R R R R R B R R O R B R I S R R N O o I T S R S A L= = L NSRSy s
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Descnption
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PDS |

™

Transieni Accompanivd by Conginmeni Heat
Kemoval Failure Transient (an MSIV
closure transient has been sclected se being
representative) secompanied by (1) fuilure to
remove deciy hoat using residunl hest
romoval (RHR) suppression pool cooling
(SPC), contaimment spray (CSS), axd the
shutdown cooling system (SC8) and (2}
fnilire to remove dogay hieal by venting the
contamment  This PDS includes both
segquences in which containment venting fuils
(W1 and o which eantiinment venting
sucoeeds 1 venting fals, core damage and
vessel fuilure will oecur with both the vessel
wnd containment it high pressure. If venting
i suecossful, core domage ana vessel ilure
will oceur with the vessel al low pressure and
eontmmment al & lower pressure

S0’
(™

A0 yr

PDS 2

TQUV

Transient with Migh and Low Pressure
Dbyection Failure. Transient (un MSIV
closury trunsiont has been selected as boing
representative) accompanied by feed wator
wolation and high and low pressure coolant
ingoetion fullure. In this PDS, core
degradution and vessel fatlure oceur with low
primary system pressure and low containment
temperature und preusure

210"
1o

1x10%yr

|

DS 3

ST §BO

Short-Term Station Bla soxi. Loss-ofoflsite
power (LOGP) transient secompanied by
simultancous failure of high pressure voolant
mjection (HPCL and resctor core isolation
eooling (RCIC) systems. Low pressue
wection systems ure available if offsite power
w restorgd. ALl ather systems function
normally under DC power

ax0*
o

9110 1yr

PDS-4

AW

Large LOCA with Contpinment Heai Removal
ard Comalnment Venting Failwe Latge
LOCA followed by failure 1o remove residusl
heat with any mode of RHR (SPC, SPS, or
SCS). Suppression pool lemperature iNerease
i assumed 1o renull in failure of all injection
systems.

x10*
o

9x10 Vyr
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Table 4.3-3. Plant Damage States for Back-Find Analysis (Continued)

Deseription

HCGS IPE

Preliminary Summary

Gelober 1992

Transient with Depressurization and High
Pressure bgection Failure. Transient (an
MSIV closure transient has been selected as
being representative) segoipanied by
foedwater isolation, depressurization fwilure
and lnlure of HPCL und RCIC. Operalor
fmlure o depressurize makes low pressure
eystems unabile to supply ipection However,
these systems (LPCL, LPCS) wre available of
vessel pressure i reduced subseguent o sore
damage

o’

o

1210 Tye

PDS 6

SQUY

Smalt/Mediwm LOCA and Low Pressure
Inyection Fuilure Either small-or medium-
sized pramary system break occurs. Vewsel w
depressurized by either the break flow of
operator setion Both high and low pressure
ection aystems fail

onlo’
o

1610 yr

PDS?

LT SBO

Small/Mediwm LOCA and High Pressure
Iyjection Failwre  Either small- or medivm:
sized primary systom break Operator fails 1o
depressurize. Aviilable high pressure system
(1 wny ) i axsumed uneble o maintain core
wiler level It s conservatively assumed that
vessel pressure stuys above the LPCIU/LPCS
shut-off head prior te core damage. These
systems are availeble 10 injeat once vesse|
pressure s reduced

6x10’
b

10 yr

Long-Term Station Blackowt. LLOOP followed
by diescl generator fuilure. HPCT andl/or
RCIC provide makeup until battery depletion
Low pressure systems available if power
restared and vessel depressurized

17
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removal hatch or the drywell head access hatch, Electrical penetration failure was not included
as a distinct failure mode.

Response to the dyramic loading that has been postulated as a possible consequence of fuel-
coolant interaction (FCI) on the drywell floor was not explicitly examined. Such an assessment
was considered 10 be outside the scope of the TPE. Containment failure probabilities for FCI
used in the analysis of Peach Bottom for NUREG-1150 were adopted for this study. Since the
core and primary containment designs for HCGS and Peach Bottom are essentially similar, this
approach was judged to be adequate,

4.5  Hope Creek Containment Event Tree

The containment performance logic model for the Hope Creek Generating Station (HCGS) has
been developed in the form of linked event trees. In this context, the term “linked” means that
there are common events among the event trees that have been developed to reflect each aspect
of containment response. The dependencies between the event tree that represent the different
phenomena considered are fully treated. This is consistent with the EPRI Generic Methodology
[1]. However, the fault tree models for the CET top events have been replaced with event tree
m.dels, The CETs consider all the relevant events and phenomena included in the EPRI generic
Methodology, The events and phenomena included in the EPRI methodology were identified
based on an in-depth review of the analysis of Peach Bottom Unit 2 performed in support of the
first draft on NUREG-1150 [3). This includes the phenomena listed in Table 2.2 of NUREG-
1335 pertinent to BWRs with Mark 1 containments, Event trec format has been used to display
the logic. There are two motivations for this approach: (1) event trees have historically been
applied 1o back-end analysis and are more amenable to review and (2) the event trees are more
flexible and powerful tools for modeling Level 2 accident sequences in that success paths and
dependent probability assignments are more readily handled. The discussion that follows
provides a brief summary of the basis for the CETs eraployed.

4.5.1 Methodology

The HCGS CETs, are altered slightly from that appearing in the EFRI Generic Methodology.
Thirteen subtrees, one supporting the quantification of each CET top event have been developed.
Some of the subtrees have sub-subtrees for specific phenomena. These provide the basis for the
evaluation of specific top events in the subtrees. The linked subtrees (and sub-subtrees) are
solved simultaneously using the EVNTRE [§] software. Graphical display of the results has
been provided by re-formatting the output of EVNTRE and loading the results into event tree
editing software. The event tree figures provided in this document were produced in this
manner.
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PDS Basie Lvents

Definition

I-Event

$-LOCA

Smull LOCA, Vessel depressurization
required Lo prevent core damage if high
pressure make-up is unavailable.

S-MLOCA

Small to medium LOCA. Vessel
depressurization with out S/RV (or ADS) to
500 psig, which s sufficient to allow
condzansate mjection, pror 10 extensive core
damage,

L-LOCA

Large LOCA. Vessel depressunzation
sulficiently rapid for low pressure muke-up
systems (o prevent core damage if i 2y are
operable.

S8T-5B

Short term station bluckout, Total loss of AC
power and turbine-dnven make-up systems
(1.e., HPCI and RCIC).

LT-SB

Long term station blackout. Total loss of AC
power.  Turbine-driven make-up supplied until
battery depletion results in failure,

Trans.

Any transient leading to reactor scram without

leakage frowa primary and with AC pawer
uvailable ut least to one emergency hus.

SORV

SORV

aSORY

One or more S/NV stuck open

S/RVs reclose and reseat

OP-S/RV

OP-SRV

nOP-SRY

At least one S/RV operates in relief mode

Na $/RV operable in relief mode Jue to
hardware failure

De

DC

alC

DC power available on at least one bus

No DC power

. el b i e e T B Bl e B - P N e R g — S S Ny W, = W i
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Table 4.5-1. PDS Basic Events (Continued)

Outvomes

Definition

pp SRV-DP RPV depressurized us'ng §/RVs prior to core
damage
nSRV-DP S/RVs not used 10 depressurize RPV prior to
core damage
ECP ECP-Lo Contwnment pressure #f onsel of core damage
does not force S/Rv reclosure
ECP-H Containment pressure st core damage prevents
S/Rv operation in relief mode
Vent PCD-Vat wotitainment vented (12° « 7) prior to core
damage
PCDaVat Containment not vented prior to core damuite
CRD sCRD CRD hydraulic system make-up available if
AC power available
fCild CRD failed
ECC «bCCS LPCI and/or LPCS availuble if AC power
wvailable

fECCS

LPCl and LPCS failed

#ALTIN)

TALTINI

Condensate and/or service water available for
water make-up if AC power availuble

Both condensate and service water fuiled

R R N S R R R R,

aSPR

fSPR

Drywall spray avalable

Drywell spray failed
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For PL% where the containment is initially intact and the RPV is at pressure, core
damage n..z2ht be induced by lack of coclant make-up due to failure of the high pressure
injection systems, However, the low pressure injection systems may be available, but
coolant isjection is prevented by conditions that preclude pump operation (i.e., RPV
pressure exceeding the shut-off head). Orce the high pressure condition is removed (as
modeled in the previous event node, ), coolant injection would most likely be
recovered.  This event considers the possibility of human intervention along with
successful recovery of alternative systems that may have failed prior to core damage, but
could potentially succeed given additional time for operator action such as high pressure
systems. Success at this branch implies fission product releases from the fuel would be
mitigated and establishment of a heat transfer pathway may assure maintenance of
containment integrity.

For PDSs involving low RPV pressure (i.e., large LOCAs with failure to provide
adequate coolant makeup), success at this event node is not likely, as imyplied by the
accident sequence definition. The accident sequence cut-sets geaerally include haman
interventior. in providing alternative injection systems; core damage occurs given failure
LO recover.

This event node directly affects the subsequent event node relative to arresting core
melting and preciuding thermal failure of the vessel bottom head,

Evenr 3: Vessel Failure (VF)

The questior raised in this event addresses recovery of a degraded core within the vessel,
which prevents vessel lower head thermal attack. Core melt recovery within the vessel
is considered only to the extent that coolant make up has been successful in the previous
event node (DP). This requires that core cooling be recovered prior to core blocking
(MAAP model) or relocation of molten debris to the lower plenum and thermal attack
of vessel head. Therefote, the primary consideration for successful in-vessel re. very
is the time available froma incipient core degradation to the point of non recovery.

Event 4: Early Containment Failure (CFE)

CFE pot does include intentional venting. While venting constitutes a failure of the
containment fungtion, it is not a failure of the structurg as could be implied. This model
includes a venting event which distinguishes between containment venting and
continment failure.

Early containment failure can be induced by the phenomena accompanying vessel failure,
These are addressed specifically in the subtree, Containment leakage (failure size
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sufficient to prevent further long-term pressure increase and lead to reduction to
atmospheric pressure over a period longer than ten to twelve hours) and containment
rupture (failure size sufficient to reduce containment pressure 10 atmospheric within half
an hour) are separated by the subsequent fission product retention (FPR) event. This
distinction can significantly impact source term.

Event 5: Early Release 1o Pool (EPOOL)

The EPOOL event only considers complete suppression pool bypass. (i.e., releases to
the drywell with wetwell-to-drywell vacuum breakers stuck open.) Under these
conditions, fission praduct releases from the vessel during core damage are not subject
to suppression pool scrubbing. Events that change the fission product transport pathways
(as indicated in the EPOOL Subtree) occur either prior to core damage or vessel failure.
The outcome of the Late Release to Poo! (LPOOL) evet is used to determine fission
product scrubbing for releases occurring subsequent to vessel failure. This approach is
slightly cotservative (i.e., tends to overestimate releases) but is far more defensible than
assuming the early release transport pathway pertains at vessel breach,

Event 6: Drywell Spray Operates Late (DWSPRY)

Water supplies to the core debris un the drywell floor following vessel failure has the
potential to enhance fission product retention even if the dGebris is not cooled by this
water. Scrubbing of releases from the core-concrete interaction 1s the principal retention
mechanism. Cooling of the released gases (..e., H,, CO, and CO,) and condensation of
water vapor released from concrete ablation are secondary effects in that fission product
residence time within the containment is increased. This event reflects the inclusion of
these important considerations.

The HCGS drywell spray headers are located on the upper wall of the spherical section
of the drywell; just below the knuckle. Other Mark | containments have their spray
headers in the cylindrical section, above the knuckle. The position of the HCGS spray
header suggests that more effective fission product removal from the drywell atmosphere
could be accomplished because the spray droplets have a less obstructed area through
which to fall; although the fall dis*ance is reduced. Even with this consideration, it was
decided 1o treat drywell spray and other sources of water to the debris that do not enter
the drywell throrgh the RPV (e.g., CRD flow from the severed hydraulic lines) as if
they had the same effect. Thus, this event is a surrogate for all water that is supplied
| to the debris otner than from "normal” injection, which is treated in Event 7. This
| simplification is expected to underestimate the retention of fission products by the
[ containment when drywell sprays are operable.
|
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Following primary containment loss of iniegrity, the secondary containment provides
another barrier for mitigating release of radioactive materials to the environment since
the secondary completely surrounds the primary containment. The secondary
containment structure is designed with a 3 psig internal capacity. Blowout panels will
relieves gases escaping from the primary containment into the secondary at a much lower
pressure (= 0.5 psid. Therefore, while the secondary containment does not provide
containment for releases following primary containment failure, it does present
substantial deposition sites for aerosol removal. Significant retention of fission products
released from the primary containment is expected. The higher ovzrall structural
capacity is expected to lead to somewhat greater retention that the normal BWR Mark
I and 11 reactor building designs. The principal reason .s the absence of the sheet metal
panelling surrounding the refueling floor, which is vulnerable to failure, providing a
direct release pathway.

Event 13 Vent
The VENT event is a summary event that gives the mode! the capability to differentiate
between containment failure and intentional venting. This avoids including containment
venting as a form of containment failure. The model can now identify those sequences
in which venting occurs but the containment does not fail.

Subtree Structure
Having described the . ents that comprise the main CET, the remainder of this section
describes the structure for the logic trees that support the guantification of the CE™ top
events. Only one of the subtrees 15 illustrated. For the remainder, a brief summary of
the events that are included in each subtree is provided.

CET Event 1: Vessel ar Low Pressure (DP)
The DP Subtree is shown in Figure 4.5-2. The first six events in the subtree reflect
plant damage state (PDS) characteristics and are designated as PDS basic event in the
logic model. Events seven through nine each represent at least one unique basic event,

Event 1: I-Event - Initiating Event

Event 2: SORV - Represents a PDS-dependent basic event indicating a stuck open
relief valve,

Event 3:  OP-SRV - operable Safety/Relief Valve

Event 4: DC - DC power available
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Event §:

Event 6:

Event 7:

Event 8:

Event 9;

Event 10;
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OPR-DP - Automatic or operator depressurization prior core damage.

ECP - PDS-dependent basic event with success indicating that the
containment pressure prior to core damage was below the level at which the
S/RVs are operable in relief mode.

AC - This event represents either a PDS-dependent basic event indicating the
power recovery frequency or the availability of AC power for non-blackout
PDSs.

E-VENT - Venung is shown as if it will permit lowering the containment
pressure to the point at which depressurization could occur within the time
frame of core damage (i.¢., within two hours),

OPDP - RPV depressurization by operator afler core damage, given previous
failure to depressurize, is considered for four different sequences. The upper
two sequences involve a prior error of omissior.,

DP (Outcome) - £ystem may either remain at High Pressure (HP) or it may
be depressurized [Low Pressure (LP)].

CET Event 2: Injection Recovered (INJ)

The INJ Subtree contains cleven tow events relating to the r.covery of low pressure
injection to the RPV.

Event 1:

Event 2:

Event 3:

Event 4.

Event §:

Event 6:

I-Event - Initiating Event.

AC - Same as Event 7 in the DP Subtree.

CRD-ADQ - Adequacy of CRD flow to arrest in-vessel core-melt progression
is addressed by this event. Reflects the analysts’ level of confidence that
CRD alone could arrest core damage.

aCRD - PDS-dependent basic event,

E_CRD - Represents probability that the operator maintains or recovers CRD
flow.

HP - Result of DP Subtree that indicaws whether the vessel is depressurized
priot to breach,
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Event 1: E-Vnt - Represents the probability the pressure rise during core damage is
mitigated by venting

Event 2: BLOW-Hi - Pressure rise in containment due to vessel blowdown at failure
in the high range. This pressure rise is determined based on the Vessel
Blowdown (BLOW) Sub-subtree,

Event 3. CP-Hi - Base pressure in the containment immediately prior to vessel breach
in the high range. This base pressure is determined based on the
Coniainment Pressure Rise (CPRISE) Sub-subtree.

pvent 4° BLOW-Md - Pressure rise in containment due to vessel blowdown at failure
in the medium range given that it was not in the high range. BLOW Sub-
subtree outcome.

Event 5: CP-Mod - Base oressure in the containment immediately prior to vessel

breachk in the moderate range given that it was not in the high range.
CPRISE Sub-suotree outcome.

Event 6: CF-FCI - Indicates the occurrence of an FCI that produce: containment
failure. The FCI Sub-subtree is used to determine the outcome of this event

Event 7. CF-MLT - Indicates the occurrence of dryweli shell melt-through due to
either debris impingement or spreading. The MELT Sub-subtree is used to
determine the outcome of this event,

Event 8: CFE (Outcome) - Indicates the occurrence of early containment failure.

CET Evemt 5. Early Release to Pool (EPOOL)

The EFOOL Subtree consists of seven events that examine the potential ior in-vessel
releases to bypass the suppression pool. For bypass to occur there must be a pathway
from the RPV to the dryweli and either the drywell must have bean vented, or a flow
path must exist Fetween drywell and wetwell airspaces that will cut off flow through the
vents (i.e., torus-to-drywell vacuum breaker failure).

Event 1: LOCA - PDS-dependent oasic event.

Event 2:  SORV - PDS-dependent basi- event.

Event 3: SO _TVB - Pepresents the frequency for a S/RV tailpipe vacuum breaker
failing to reclose.
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Event 4;

Event 5:

Event 6;

Event 7:
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E-Vnt - Probability of early venting.
DWVENT - Probability that venting was from the drywell.

C-DWVB - Represents the probability that one or more wetwell-to-drywell
vacuum breakers fails to reclose.

EPOOL (Outcome) - Represents sequence-dependent flag indicating pool
biypass by releases.

CET Event 6: Drywell Spray Operates Late (DWSPRY)

The Drywell Spray Subtree establishes the status of drywell sprays following vessel failure.
There are six events in the subtree.

Event 1:

Event 2:

Event 3:
Event 4:

Event §:

Event 6;

aSPRY - PDS-dependent basic event that establishes the availability of the
CSS mode of RHR. Available implies operable if AC power is available.

SBO - PDS-dependent basic event that establishes whether this accident is a
station blackout.

EAC - Represents the recovery of AC power prior to vessel failure.
E-Spry - Represents the operation of drywell sprays prior to vessel failure.

LAC - Represents the recovery ot AC power following vessel failure (up until
the time that a significant fraction of the total CCI release has occurred).

L-Spry - Represents the operation of drywell sprays following vessel failure
and the opportunity for AC power recovery.

CET Event 7: Injection to RPV Following Failure (L-INJ)

The Late Injection Subtree determines the probability that injection has been restored to the
vessel before significant fission product revolatilization occurs. There are nine events in this

subtree.

Event 1:

Event 2:

aECCS - PDS-dependent event that establishes the operability oi the LPCI
mode of RHR and/or LPCS.

aALTINJ - PDS-dependent event that establishes the anerability of service
water and/or condensate as sources of water in;ection.
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tvent 4:

Event §:

Event 6:

Event 7:

Event &:

Event 9;

HCGS IPE

Preliminary Summary
October 1992

EAC - Represents the recovery of AC power prior to vessel failure.

E-ECCS - Represents the operation of a low pressure ECCS injection system
prior to vessel failure.

E-ALT - Represents the operation of service water or condensate for RPV
injection prior to vessel failure,

LAC - Represents the recovery of AC power following vessel failure (up until
the time that a significant fraction of the total CCI release has occurred).

L-ECCS - Represents the operation of a low pressure ECCS injection after
to vessel failure.

L-ALT - Kepresents the operation of service water or condensate for RPV
injection after to vessel failur2.

L-Fire - Represents the operation of the main fire pump system for RPV
injection after to vessel failure.

CET Event 8 Coolable Debris Forms Ex-Vessel (DCOOL)

The DCOOL Subtree consists of seven top events that establish the conditions in the
drywell following vessel failure. Coolability is assessed separately in the subtree for
seven different possible sets of conditions. The subtree thus involves significant
decomposition in determining coolability. The probability of coolability conditions to be
different if the debris falls into water at vessel failure ‘nstead of water being added to the
top after vessel failure.

wvent |;

Event 2;

Event 3:

Event 4:

Event §:

VF - Quicome of the VF Subtree.
INJ - Outcom: of the INJ Subtree.

SPRAY - Represents the probability of operating the drywell sprays prior 0
vessel breach.

WATER - Represents the late addition of water to the debris based on the
WATER Sub-subtree.

DSPRS - Represents the dispersion of core debris by an energetic event
associated with vessel breach. Dispersai is based on the DISPERSE Sub-
subtree.

5



e e

TSN e s T yreTT . N R N R R TR BT IR~ I R R TR O B R R R R R OO I I R R R RO I RO I R R OO R O T R RNV S

HCGS IPE
Preliminary Summary
October 1992

Event 6: SLUMP - Event 3 in the VF Subtree.
Event 72 DCOOL (Outcome) - Represents the coolability of core debris.

Conditions under which coolability was assessed are discussed in the Appendix.

CET Event 9: Late Containment Failure (CFL)

The CFL Subtree consists of six top events that address the phenomena that could lead
to early containment failure, The principal fai'ure mechanisins considered are failure due
to noncendensabl2 gas generation and thermal failure of seals. Hydrogen burn is
assumed not to contribute to late containment failure. This assumpiion is believed to be
valid for a Mark | containment, independent of nitrogen inerting. If the containment
were not inerted a hydrogen burn would certainly occur at vessel breach consuming the
available oxygen and contributing to the pressure rise that may fail containment early.
A late burn would thus be excluded due to lack of oxygen,

Event 1:  CFE - Outcome of the CFE Suttree.

Event 2: WATER - Represents the late addition of water to the debris based on the
WATER Sub-subtree.

Event 3:  DCOOL - Outcome of the DCOOL Subtree.

Event 4:  TEMP - Represents the probability of thermal failure of the drywell hatch or
electrical penetration seals.

Event 5:  SUMP - Represents CCl ablation of the drywell sumps foliowed by faiiure
of the drywell shell below the drywell floor.

Event 6: CFL (Outcome) - Indicates the cccurrence of late containment failure.

CET Evenr 10: Late Release to Pool (LPOOL)

The LPOOL Subtree consists of seven top events that exam:ne the potential for ex-vessel
releases (i.e., revolatilization and CCI) to bypass the suppression pool.

Event I: CFE - Outcome of = CFE Subtrez.

Event 2: CFL - Qutcome of the CFL Subtree,
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TEMP - Same event as Event § in the CFL Subtree.

WW_Fail - Represents the probability that containment failure occurred in the
drywell (i.e. failure not in the torus).

C-DWVB - Represents the probability that one or more wetwell-to-drywell
vacuum breakers fail to reclose.

POOL - Represents the probability of loss of suppression pool level below the
downcommer due to containment failure in the torus.

LPOOL (Outcome) - Indicates th2 occurrence of late pool bypass.

CET Event 11: Fission Product Retention (FPR)

The FPR Subtree consists of nine top events that establish the conditions in the
containment during the late phases of the postulated accident. The outcome of this tree
establishes the containmerit decontamination factor for early and late releases. Values
are assigned for leak or rupture, witn and without water overlying the Jebris on the

drywell floor.

Event 1:  VF - Qutcome of the VF Subtree

Event 2: L-INJ - Outcome of the 1.-INJ Subtree.

Event 3:  SPRAY - Represents the late operation of drywell spray based on the
DWSPRY Subtree.

Event 4 CFE - Outcome of the CFE Subtree.

Event §: CFL - Outcome of the CFL Subtree.

Event 6: TEMP - Same event as Event 4 in the CFL Subtree.

Event 7.  SUMP - Same event as Event 5 in the CFL Subtree.

Event 8: LEAK - Represents the probability that effective containment leakage area is
equal to that of a rupture,

Event 9:  FPR (Outcome) - Represents the outcome of fission product retention.







HCGS IPE
Preliminary Summary
October 1992

CET Event 13: VENT

4.6

The VENT Subtree consists of eleven events. 1t is used to determine the occurrence of
containment venting during core damage (i.¢., subsequent to the start of core damage but
prior to vessel failure). Venting is separated from containment failure since it represents
an intentional action rather than a consequence of phenomena associated with the
progression of a postulated accident,

Event 1:  aVnt - PDS-dependent basic event.

Event 2:  VE-Vnt - PDS-dependent basic event (PCD-Vnt).

Event 3:  ECP - PDS-dependent basic event.

BEvent 4. H2HI - Tiis event represents the subjective probability that hydrogen
generation during core damage will exceed the level required to increase
containment pressure beyond the level at which procedures would require
venting,

Event 8 SBO - PDS-dependent basic event,

Event 6  E-AC - Same event as Event 7 in the DP Subtree.

Event 7. E-Vnt - This event represents the probability that venting did not occur early,

Event 8:  DCOOL - Outcome of the DCOOL Subtree.

Event 90 L-AC - Represents the probability that AC power was not restored during the
period over which CCI would result in the significant release of fission
products,

Event 10: L-Vnt - Represents the probability that the containment would be vented late
given that no leak has occurred, AC power is available, and he pressure
continues to rise due to noncondensable gas generation,

Event 11: VENT (Outcome) - This event represents the outcome of containment
venting,

Accident Progression and CET Quantification

4.6.1 Containment Load Assessment

This section will discuss the use of MAAP to predict conta'nment loads and accident timing.
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4.6.2 Survivability of Engineered Safeguards

The probability of failure of injection systems following containment failure was found to be
significant. A discussion of tne basis for this will be incorporzated in this section.

4.6.3 CET Quantification

The branch poaint probabilities used in the CET wure quantified using several different methods
depending on whether they were specific to the HCGS plant or generic to Mark 1 BWRs, and
on whether they involved human rehiability or system reliability. The following discussion
outlines the methodology used for each of these CET variable classes. Table A-1 in Appendix
A provides a list of the variables in the CET, along with the variable class, a brief description
of each, and the values assigned in the CET.

Many of the plant-specific CET variables were evaluated based on results of computer code
calculations (shown as Ciass 2 in Table A-1). The primary source for these results was the set
of calculations performed by PSE&G staff using MAAP [12]. In some cases, the results
calculated using the MELCOR [13] and CONTAIN [14] computer codes available in the
literature were used to supplement the MAAP results. For example, variables associa! ~* with
the magnitude of hydrogen production under various conditions weie easily determined from the
MAAP calculations. The possible range was evaluated based on NRC-contractor assessments
(i.e., BWRSAR/CONTAIN, MELCOR, and STCP calculations as they were available and
relevant to scenarios postulated for HCGS). Other variables, such as those associated with
radionuclide retention in the primary system, reactor building, or ¢ “iinment building are also
wetermined principally from MAAP calculations,

Other plant specific variables were riot available from computer code calculations, but could be
determined by comparison to analyses performed for similar plants (Class 3 in Table A-1). An
important example of this class of variable is the probability of drywell shell meltthrough. An
analysis of drywell shell failure for a plant similar :0 HCGS has been published by Theofanous
as NUREG/CR-5423 [15). In assessing the probabilities of drywell shell failure under a variety
ot accident conditions, the results in NUREG/CR-5423 were used, but were mocified to account
for differences between HCGS and the reference plant used in the unalysis.

Generic CET variables were variables for which specific feawres of the HCGS plant are not
important or in which the uncertainty in the phenomena is far greater than the potential impact
of plant design (Class 1 in Table A-1). For these variables, CET values were taken from other
analyses or other PRAs. Prime examples of generic CET variables are the probabilities of an
in-vessel steam explosion, or of vessel failure given an in-vessel steam explosion. In both of
these examples, probabilities were taken from the NUREG-1150 analysis for the Peach Boitom
plant.
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as NUREG/CR-5423 "*5]. !n assessing the probabilities of drywell shell failure under a variety
of accident conditions, the results in NUREG/CR-5423 were used, but were modified to account
for differences between HCGS and the reference plant used in the analysis.

Generic CET variables were variables for which specific features of the HCGS plant are not
important or in which the uncertainty in the phenomena is far greater than the potential impact
of plant design (Class 1 in Table A-1). For these variables, CET values were taken from other
analyses or other PRAs. Prime examples of generic CET variables are the probabilities of an
in-vessel steam explosion, or of vessel failure given an in-vessel steam explosion. In both of
these examples, probabilities were taken from the NUREG-1150 analysis for the Peach Bottom
plant.

Human relaability analyses (HRA) (Class 4 in Table A-1) were performed for CET variables
associated with operator actions during the accident. In some cases, the timing of the operator
actions (i.e., the time period in which the operator can respond) was determ ned from the
MAAP analyses of the accident sequence. Timing was then considered in the HRA assuming
high stress conditions.

System reliabily analyses (Class § in Table A-1) -vere performed for CET variables concerned
with functionality (i.e., availability) of cquipment that could potentially mitigate the accident.
Standard fault tree techniques were used in this analysis. If a similar analysis was performed
as part of the front-end (Level 1) assessment, those results were used, but were modified to
account for conditions present during the back-end (Level 2) portion of the accident.

4.7 Radionuclide Release Characterization

The consequences of a reactor accident are determined to a large extent by the magnitude of the
radionuclide release to the environment. Thur to complete the IPE assessment of plant
vulnerability, predictions of the radionuclide source term are required. This section describes
the source term algorithm utilized in the IPE HCGS, th~ guantification of the source term
parameters, and the results obtained.

4.7.1 Source Term Prediction

Source terms for the HCGS IPE were calculated with a source term algorithm built into the
containment event tree model. The source terms are defined in terms of the fractional release
o1 several key rudionuclide groups. The algorithm estimates source terms based on sequence-
dependent radionuclide release fractions (RFs) and decontamination factors (DFs) that are input
as part of the containment event tree (CET).

A wide variety of radioactive fission products build up in an ope -ating reactor core. Different

fission product species would be expected to behave in very different ways during the course of
an accident. For example, noble gases (primarily krypton and xenon) evolve from the fuel
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during the fuel degradation process. Whereas, ruthenium stays within the fue! matrix until very
high temperatures are achieved during molten core-concrete interactions. Furthermore, some
species are readily decontaminated by pool scrubbing (such as iodine), while others are
unaffected by decontamination mechanisms (such as noble gases). Because so many fission
product isotopes exist and because many types of isotopes behave differently throughout t'e
course of an accident, they are typically categorized into groups, Full-scope PRAs typically
treat nine radionuclide groups in their source term evaluations, For the IPEs, the EPRI generic
methodology tracks only the .ive most risk significant groups [12]. This approach has been
adopted for the HCGS IPE.

The five radionuclide groups being evaluated in the HCGS IPE are (1) noble gases, (2) iodine,
(3) cesium, (4) tellurium, and (5) strontium. The IPE source term algorithm is dasigned to
calculate the fractional release of each of these radionuclide groups for each of the main accident
sequences. The results of the source term evaluation is a list of release fractions representing
the environmental release for each group.

4.7.1.1 Source Term Algorithm

The source term algorithm for the HCGS IPE is comprised of a set of equations that relate
release fractions and decontamination factors in a self-consistent fashion to calculated fractional
release to the environment. The release fraction for a given radionuclide group is defined as the
fraction of the available material that evolves from the core debris and becomes available for
release. Once evolveu from the core debris, various decontamination mechanisms act on the
airborne radionuchdes to limit their release to the environment.

The radionuclide release and decontamination mechanisms considered 1n the source term
algorithm are shown below.

Key Radionuclide Release Mechanisms’
(A) In-Vessel - RF (i)
(B) Molten Core-Crucrete Releases - RF (1)
(C) In-Vessel Revolatilization - RF (i)

Releases from high pressure melt ejection were not included in the model. The Mark 1 drywell is both small
and jargely filled wow equipment and piping. The pressure suppression system would quickly sweep airborne
debris to the suppression pool. Uncertainties with respect to fission product releases from oxidizing aitborp»
debris are very lurge since there is no experimental basis. Ruthenium release was cited as likely in NUREG-
1150 hut the basis is not clear and the HCGS source term model does not treat this grovp explicitly. The
omission of this release mechanism is appropriate bused oo these considerations.
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Key Decontamination Mechanisms

(1)
2,

(3) Prnimary System Natural Deposition - DF (g (1)
(4) Containment Natural Deposition - DF (1)

(5)

(6) Secondary Containment Natural Deposition - DF (1)

Early Pool Scrubbing - DF ., (1)
Late Pool Scrubbing - OF, (1)

Drywell Sprays - DFg,(i)
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The decontamination mechanisms that are active for the in-vessel release, molten core-concrete
release, and revolatilization release ar> shown below,

(A)
(h
2)
(3)
4)
(5)

(B)
(1)
(2)
(3)
4)
(5)

(€)
(h
()
(3)
4)

In-Vessel Releases

Primary System Natural Deposition

Earlv Pool Scrubbing

Containment Natural Deposition

Drywell Sprays

Secondary Containment Na‘ural Deposition

Molten Core-Concrete Interactions Releases
Overlying Water Pool

Drywell Sprays

Containment Natural Deposition

Lawe Pool Scrubbing

Secondary Containment Natural Deposition

Revolatilization Releases

Drywell Sprays

Containment Natural Deposition

Late Pool Scrubbing

Secondary Containment Natural Deposition

The equations used in the source term algorithm to quantiry the individual reiease fractions and
the environmental release are shown below,

Total Envircnmental Release

The total atmosphieric release of a particular isotope group is expressed as the fraction of the
core inventory escaping from containment failure times the sum of the releases due to in-vessel,
molten cere-concrete interactions and revolatilization releases for that group. This relationship
is estimate based on the following equation:
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Ryori) = [Rydi) * Rygecli) - Regdi)] % Frgny (1

Total release from containment 10 atmosphere
In-vessel release

Molten core-concrete release

in-vessel revolatiliza.ion release

Escape fraction Jor containment venting

The in-vessel release is calculated by dividing the in-vessel release fraction hy the in-vessel
decontamination fictor in the following relationship:

DF (i)

and
RF(1)
DF,(1)
DF 00 (1)
DFyq (1)

DFconr(1)

Dl:wu(l)
DF (i)

] e B

Hn

K di) = RF i) 2)

1
DF ,4i)
DF gy (1) % DF (i) x DF oporli) % DF gpgli) x DF ggli) (3)

In-vessel release fraction

In-vessel decontamination facte:

Early pool scrubbing decontamination factor
Primary system ratural deposition decontamination
factor

Containment natural deposition decontamination
factor

Drywell sprays decontamination factor

Secondary containment  natural  deposition
decontamination factor

Similarly, the release from molten core-concrete interactions is found by multiplying the fraction
of the isotope group remaining after in-vessel and DCH releases times the MCCI release fraction
and dividing by the MCCI decontamination factor:
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RF yocd?)
Ruced) = (1= RFpLi)) x —2EC (4)
DF oo i) = DFppi (1) % DF (i) % DF . pli) % DF i) (5)
RF (1) = Molten core-concrete release fraction
DF yeull) = Molten core-concrete decontamination factor
] - = Late pool scrubbing decontamination factor

Release due to Revolatilization is calculated by multiplying the in-vessel releases remaining after
vessel decontamination times the ratio of the revolatilization release and the revolatilization
decontamination factor;

. S 1 1 1
R - IR x| 1 - RF i (6)
reki) [ :v()"[ me(l.)) * RE i) > DF gyl
h
p DF (i) = DF gppfi) x DF congyli) % DF ypoey (i)  DF ) )
and
RFggv(i) = Revolatilization release fraction
DF (i) = Revolatilization decontan. .ation factor

The following rules and assumptions are assumed to apply throughout the source term
evaluation, an. are built into the algorithm:

(1) If the pool scrubbing DF is large (i.e., if DF (i) > 10), the effect of drywell sprays
is neglected. This is done to prevent double counting of the effect of water and spray
decontamination.

(2)  All noble gas decontamination factors are unitv.,
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4.7.1.2 Source Term Quantification

The release fractions and decontamination factors must be specified for each of the five
radionuclide groups. The values for these parameters are specified within the CET, and are used
later in the CET as part of the evaluation of envi onmental release. The parameter values used
in the CET are discussed below,

In-Vessel Release Fraction - RF, (1)

This pe”.neter is specified in CET based on the VF Top cvent. The range in in-vessel release
fractions for each radionuclide group are: Noble gases - 0.2 to 1.0; lodine - 0.12 o0 0.6;
Cesium - 0.04 to 0.2; Tellurium - 0,0; and Strontium - 0.0. Higher values are assigned to
branches with vessel rupture, no coolant injection or core slumping. Lower values are assigned
in cases with coolant injection, or less than 26% core melt,

Primary System Decontamination Factor - DF (1)

This parameter is also specified based on the occurrence of vessel failure. The range in the
primary system DF for each radionuclide group is: Noble gases - 1.0; lodine - 2 to 10; Cesium
- 2 10 10; Tellunum - 1.5 to 10; and Strontium - 1.5 to 10. High primary system DFs are
assigned to cases with coolant injection, or less than 26% core melt. Low primary system DFs
are assigned to cases with vessel rupture, no coolant injection, or core slumping.

Suppression Pool Decontamination Factor for Early Releases - DF o0, (1)

Wais parameter is specified in conjunction with the EPOOL Top Ev The DFs for each
radionuclide group are set to unity in cases with early suppression pool bypass. For cases
without early bypass, the DFs for each radionuclide group (except noble gases) are set equal to
values ranging from 50 to 1000,

Drywell Spray Decontamination Factor - DFg.(1)

This parameter is specified in conjunction with the SPRAY Top Eveni. If the sprays have failed
early or no AC power is available, the spray DFs are set to unity. In other cases, the spray DFs
are assumed to range from 1.0 to 2.0 for each of the radionuclide groups (except noble gases).

Revolatilization Release Fraction - RF (i)

This parameter is specified in conjunction with the WATER Top Event. The revolatilization
release fractions are assumed to have the following ranges: Noble gases - 1.0 (since DF,, is
unity for noble gases this value is moot); lodine - 0.0 to 0.6; Cesium - 0.0 to0 0.2; Tellurium -
0.0 to 0.01; and Strontium - 0.0 to 0.1. High values are assigned in scenarios without late
injection, while low values are assigned if there is late coolant injection,
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Molten Core-Concrete Release Fraction - RF (1)

This parameter is specified in conjunction with the DCOOL. Top Event. The MCCI relepse
fraciions are assumed to have the following ranges: Noble gases - 0.0 to 1.0; lodine - 0.0 to
1.0; Cesium - 0.0 to 0.6; Tellurium - 0.0 to 0.4; and Strontium - 0.0 to0 0.4. Low values are
assigned to cases in which the debris is coolable ex-vessel, while high values are assigned if the
debris is not coolable.

Suppression Pool Decontamination Factor for Late Releases - DF, 0, (1)

This parametar is assigned with . espect 1o the LPOOL Top Event. With late suppression pool
bypass, the DFs are equal to unity. Without bypass, the late suppression pool DFs are assumec
to range from 20 to 500 for iodine, cesium, tellurium, and strontium. The noble gas DF is, of
course, 1.0.

Containment Decontaminauon Factor - DF (1)

This parameter is assigned based on the FPR Top Event. This question is used to broadly
categorize fission (for later binning purposes) product retention in the containment. The
containment DFs are assumed to range from 1.4 to 50.0 for each of the radionuclide groups
(except noble gases). High values are assigned in cases without vessel failure or containment
failure, or cases with containment failure by leakage. Low values are assigned in cases with
containment failure by rupture,

Secondary Containment Decontamination Factor - DF (i)

This parameter is assigned based on the NAT_DEP Tup Event. This question is used to broadly
categorize (for binning purposes) fission product retention in the reacter building. The reactor
building DFs are assumed to range from 1.0 to 200 for each of the radionuclide groups (except
noble gases). High values are assigned in cases with containment failure in the sump or by
leakage, and in cases with the Standby Gas Treatment System (SGTS) in operation. Low values
are assigned in cases with containme.it failure by rupture, or reactor building bypass, or cases
in which a hydrogen burn has occurred in the reactor building.

4.7.2 Results from the Base Case Evaluation of Radionuclide Release
Radionuclide release was evaluated for each of the five of the eight plant damage states discussed

in Section 4.3. This section presents the results of that evaluation, and discusses some of the
insights gained from this assessment.
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Table 4.. 3 Summary of Significant Accident Progression Bins for PDS-3

I Instisting Event - ST-SBO

I Most Likely Accident Progression Sequences

D —

Seq. Freg Dp INJ VF CFE EPOOL | DWSpry L-INJ DCOOL
~0.105 ves no yes yes yes ves ves yes
~%.1- ves no yes yes yes ves no yes
65
~0.1- yes no yes yes yes yes yes 0o
0s
l ~0.i- yes no yes ves yes yes no no
0s
Moderate 0 High Source Term Sequences
~0.105 yes no yes yes ves yes yes ves
~0.1058 yes no ves yes yes yes no ves
~0105 ves no yes yes yes yes yes no
-8 l:; yes no yes yes yes yes no no
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The CET discussed in Section 4.5 was evaluated using the EVNTRE computer code [16]). Orly
those sequences shown in the CET (Figure 4.5-1) were evaluated. Each accident progression
sequenca is characierized by fourteen different characteristics (or top events) each of which has
an impact on the magnitude of radionuclide release to the environment.

The following discussion summarizes the radionuclide release results ior fivi plant damage states
considered in the current assessment.

Radionuclide Release Results for PDS-1 (LW sequance)

The CET for PDE-1 (a TW sequence) is shown in Figure 4.7-1. The fourteen characteristics
are shown across the 1op of the tree.

The two dominant sequences have the “Lowing common features:

* no early containment failure,

¢ carly and late suppression pool decontamination,

® carly and late coolant injection,

® active drywell sprays,

® good acrosol retention in the primary system and containment, and
@ late venting of containment,

In addition, there are no core-concrete releases in the two sequences. In one case, the reactor
vesse! does not fail, and, in the other case, the ex vessel debris 1s coolable.

The twa dominant sequences lead to very low radionuclide release, including less than 50% o
the noble gases, less than one percent of the iodine and cesium, and negligible releases of
tellurium and' strontium,  Consequently, these sequences would not be expected to be important
from the stan 'point of risk.

To sereen for equences more likely to be risk significant, the source term results were examined
and sequences with releases of 90% or mere of the nable gases, and 1% or more of the iodine
were highlighted. The highest frequency sequences in this subgroup are shown in Table 4.7-1,

The two accident progression sequences shown in the table are responsible for more than ninety
percent of the higher source term sequences. The sequences are nearly identical, the only
difference being that the higher probability sequence has coolable debris ex-vessel, whereas the
other sequence does not. The other characteristics of the two sequences are summarized below:
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® reactor vessel failure,

® carly containment failure,

® carly, but not late, suppression pool decontamination,

® carly and late coolant injection,

® active drywell sprays,

® pood aerosol retention in the primary system and containment, and
® poor aerosol retention in the reactor building.

Both sequences produce moderate to high releases of noble gases, iodine, and cesium, The
sequence with coolable debris ex-vessel has negligible release of tellurium and scrontium since
core-concrete interactions are prevented. In the sequence with uncoolable ex-vessel debris core-
concrete interactions occur, and approximately one-tenth of the tellurium and strontium are
released.  With all sequences considered, the probability of a moderate to hi b release (as
defined by the screening criteria discussed above) is small.

As mentioned, releases of tellurium and strontium are only significant when core-concrete
interactions occur, 1.¢., when the ~ore debris is not coolable. For PDS-1, only a few percent
of the accident progression sequences have uncoolable debris.

Reactor vessel failure and early containment failure are characteristics of these and the other
sequences with moderate to high source terms. In the CET, reactor vessel failure occurs by two
mechanisms: in-vessel fuel-coolant interactions (FCI) or thermal failure of reactor vessel. In the
CET evaluation, thermal failure was by far the dominam contributor to vessel failure,

The results of the CET evaluation for PDS-2 are summarized in Table 4.7-2. As was the case
with PDS-2, a large fraction of the total scquence frequency is accounted for by two accident
progression sequences. The characteristics of these two sequences are identical to those of the
dominant sequences for PDS-1. As before, the radionuclide releases from these two sequences
are extremely small,

Table 4.7-2 also shows the accident progression sequences likely to be significant frem the
standpoint of radionuclide release. The same screening criteria (i.e., = 90% noble g, release,
and 2 1% iodine release) were used to identify the number of sequences to those with moderate
10 high source terms. The four sequences shown in the table comprise a large fraction of the
total frequency of the moderate to high source term sequences.

The first and third sequences shown have accident progression characteristics identical to the
dominant source term sequences identified for PDS-1. They d.ffer from one another only in
whether ex-vessel core debris is coolable (first sequence) or not (third sequence). The second
and fourth sequences differ from the first and third sequences only in the availability of coo!
injection during thy in-vessel melt progression phase of the accident. Whereas coolant injection
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15 used in the first and third sequences, it is not used in the second and fourth sequences.
Again, the only difference between the second and fourth sequences is whether the ex-vessel
core debris is coolable or not.

The results of the CET evaluation for PDS-3 are summarized in Table 4.7-3. Because all
accident progression sequences were found 1o have both vessel failure and early containment
failure, as well as late suppression pool bypass, the source terms for these sequences tended to
be generally higher than for the other plant d=mage states. All sequences were found to meet
the sereening criteria fur noderate to high source term release.  Ex-vessel core debris was
uncoolable in approximately half of the accident progression sequences. The releases of
telluriun and stroutium are significant in those sequences.

The four dominant sequences in terms of overull frequency were all found to satisfy the
screening criteria for moderate 1o high source term. These four sequences differed only in
whether late injection was =.oable, ex-vessel core debris was coolable, or fission product
retention was good in the priiary system and contalyment, Common features of these accident
progression scenarios are shown below:

® no early coolant injection,

® vessel failure,

® caly containment failure,

® carly release to the suppression pool,

® drywell sprays active,

® later release bypasses the suppression pool, and
@ poor retention in the reactor building.

The results of the CET evaluation for PDS-4 are summarized in Table 4.7-4, The two dominant
accident sequences comprised a significant of the total sequence frequency. The sequences are
similar 10 the dominant sequences found for PDS-1 and PDS-2, Characteristics common to both
sequences are:

® vessel depressurized,

® no vessel failure or early containmer! failure,

@ carly and late coolant injection,

® active drywell sprays,

® late suppression pool decontamination,

® good aerosol retention in the primary system and containment, and
® late venting of containment,

N
N

e e e A PP pre—— i e e el e i b ._____«‘____._4.._‘._._.,______.‘_’



e« & & & & & »




HCGS IPE

Preliminary Summary
October 1992

probability of vessel failure and early containment failure in these sequences, and the probability
of an ex-vessel cote-concrete tateraction given vessel failure occurred.

The three transient sequences (PDS-1, -2, and -5) produced similar results, For all three
transients, the probadilities of early containment failure and moderate 1o high radionuclide
release were small. The probability of an ex-vessel debris-c ncrete interaction was also small,

The plant damage state representing a large-break LOCA (PDS-4) produced the smallest
probability of an early containment failure or a moderate to high radionuclide release. Only a
small fraction (< 1%) of the sequences lead to either an early containment failure or a
significant radionuchide release.  Also, few of the sequences lead to ex-vessel debris-concrete
interactions,

The potentially significant containment failure mechanism for all five plant damage stales was
diywell shell meltithrough.
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Appendix A

Quantification of CET Base Events
for the HCGS IPE
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Name

AC-PWR- 4 AC POWER IS NOT RESTORED EASLY:

EARLY Probability that AC Power is not restorec early given that a station blackout
has occurred.

r ALT-INJ 4 Human error failure to align alternate injection systems {condensate or
service water) during core damage given that at least one system is
i operable (i.e., power available and functional).

BRN-LK-i 2 H, BURNS IN THE REACTOR BUILDING AFTER CONTAINMENT LEAK:
Probability of a Reacto- Building H. burn, given leakage into the Reactor
Building, coclable debris is formed ex-vesse! (i.e., nG ex-vessel H, and n-
vessel H, production is high.

BRN-LK-2 ¥ H, BURNS IN THE REACTOR BUILDING AFTER CONTAINMENT LEAK:
Protability of a Reactor Building H, burn, given leakage into the Reactor
Building and ex-vessel debris is not coolable (i.e., H, source is substantial).

BRN-RPT1 2 H, BURNS IN REACTOR BUILDING AFTER CONTAINMENT RUPTURE:
Probability of a Reactor Building H, burn, given that ther2 is no reactor
buiiding bypass, coolable debris is formed ex-vessel, in-vessel H, production
is high, and containmeant rupture occurs.

BRN-RPT2 2 H, BURNS iN REACTOR BUILUING AFTER CONTAINMENT RUPTURE:

Probability ef a Reactor Building H, burn, given that there is no reactor
building bypass, ex-vessel debris .s not coolablc, and containment rupture
oCCurs.
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CFPERATOR FAILS TO DEPRESSURIZE AFTER CORE DAMAGE:
Probab’lity that the operator fails to depressurize the RPV after core
damage, given that the SRVs are operabie in relief mode and DC Power is
availabie (i.e., prior error of omission}.

CD-->DP-2 z FAILURE TO DEPRESSURIZE AFTER CORE DAMAGE:

Operawor devoressurizes early but containment pressure recloses SRVs prior
to core damage. Containment is successfuily vented (Containment venting
1s irrelevant for CD -->DP - 1). This event reflects the fa’lure of the S/RVs
to reopen in sufficient time to prevent core damage.

CDO-->DP-3 4 OPERATOR FAILURE TO DEPRESSURIZE AFTER CORE DAMAGE:
Probability that the operator fails to depressurize after core damage given
that the SRVs are operabie in relief mode but DC Power was previousiy
una s-i‘able and AC Power is then restored.

CD-->DP-4 2. (4) | FAILURE TO DEPRESSURIZE AFTER CCRE DAMAGE:

Same as CD --> DP - 3, except containment pressure recioses SRVs and
containment 1s successfully vented.

CM>26% 2.4 GREATER THAN 26% CORE MELT:

ility that >26% of the core melts prior to low pressure injection
recovery.

CCOL-1 3 DEBRIS NOT COOLED:

Probability that debris is not cooled given that vessel breach cccurs, water
is present on the dryweil floor at vessel breach due to either spray
eperation or recovery of injection prior to vessel breach, debris is not
dispersed at vessei failure, and the core does not collapse en-masse.
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Description

DEBRIS NOT COCLED:
Same as COOL-1, except core collapses en-masse (SLUMPS).

DEBRIS NCT COOLED:
Same as COOL-1, except that debris is dispersed at vessel failure.

DEBRIS NOT COOLED:

Probability that debris is not cooied given that vessel breach occurs, there
is no water on drywell floor at vessel breach, but water addition to the
containment is restored following vessel faillure. Debris 1s not dispersed at
vessel failure =nd the core does not collapse en-masse.

DEBRIS NOT COOLED:
Same as COOL-4, except core collapses en-masse (SLUMPS).

DEBRIS NOT COOLED:

! Same as COOL-4, except debrnis is dispersed at vessel failure.

§ COOL-7

DEBRIS NOT COOLED:
Probability that debris is not cooled given that the debris is dispersed at
vessel breach, but that .0 water is being added to the drywell.

CRD-FLOW

HUMAN ERROR FAILURE TO RESTORE CRD:
Probability that the aperator fails to provide CRD flow to the vessel, given
mmmas:m.wmmmmmmm.

DEPOSITY

FISSION PRODUCT RETENTION IS LOW IN REACTOR BUILDING:
Probability that natural deposition does not occur given that containment

failure results in leakage that does not bypass reactor building, no hydrogen

combustion occurs in the building and standby gas treatment fails.
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FISSION PRODUCT RETENTION IS LOW IN REACTOR BUILDING:
Same as DEFT=IT1, except containment rupture occurs.

ECTS FLOW NOT RECOVERED PRIOR TO VESSEL FANLURE:
Probability that ECCS fiow does not occur given that AC Power is restored
prior to vessel ureach, the vessel is depressurized, and low pressure ECCS
1S availabie.

EX-FCI-1

EX-VESSEL FUEL COOLANT INTERACTICN: c.1-
Probability that ex-vesse' fuel-coolant interaction ceccurs given that either 05
the core does not collapse en-masse or core collapse nduces an n-vessel
FCI, in-vesse' fuel coolant interaction is prevented, vessel breach occurs,
and there s water on the drywell fioor.

EX-FCI-2

1.2

EX-VESSEL FUEL COOLANT INTERACTION: 0.5
Probability that ex-vessel fuel coolant interaction occurs given that the core Cc9
collapses en-mass= (SLUMP], in-vessel fuel cooiant interaction is prevented,
vessel breach occurs, and there is water on the drywell fioor.

FCICF1

FC! INDUCED CONTAINMENT FAILURE: 0.001-
Probability of an FCl-induced containment failure given thet an ex-vessel 0.05
FCl occurs that does not involve a large mass of moiten material (i.e.,
SLUMP does nct occur or an in-vessel FC! occurred followig SLUMP).

FC! INDUCED CONTAINMENT FAILURE: 0.001-
Same as FCI-CF-1, except a large mass of molten material is invoived. 0.05
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HI-RISE1 1.2 HIGH PRESSURE RISE IN CONTAINMENT AT VESSEL BREACH: 0.0-
Probability that the contoirment pressure rise s high given that the reactor 0.1
vessel is imitially at high-pressu-e, vessei rupture 1s prevented, but vessel
breach occurs. High-pressure meit ejection occurs with water on the
drywell floor, but little debris is iguid (i.e., no SLUMP}. High pressure rise
imphes high probability of containment failure givenn morierate containment
pressure (CP-MED) at vessel breach {i.e., aP > 200 psu.

HI-RISE2 1.2 HIGH PRESSURE RISE IN CONTAINMENT: 0.1
Similar to HI-RISS1 except that core SLUMP occurs. This implies that liquid 0.5
debris 1s ejected under pressure intc water on the drywell iloor.

HI-RISE3 7.2 HIGH PRESSURE RISE IN CONTAINMENT: 0.05-
Same as Hi-RISE2, except the water levei on the dryweil floor is insufficient 0.2
to lead to significant water entrainmen® with debris. This event thus
considers the potentia! for direct containment heating leading to
cor.ramment failure.

HIH,-CRD 1.2 HIG+! HYDROGEN PRODUCTION GIVEN CRD FLOW: 0.2-
Prababilit  that hydrogen production is high given that CRD flow occurs 0.3
during core damage and no other injection is restoreg.

HiH_-HP 1.2 HIGH HYDFOGE.: PRODUCTION GIVEN HIGH PRESSURE: 0.1-
Probability tha* hydrogen production is high given that the vessel remains 0.3
at high-gress.»~ during core damage and there is no CRD flow.

HIH _-INJ 1.2 HIGH HYDROGEN PRODUCTION GIVEN INJECTION RECOVERY: 0.1-
Probability that hydrogen production is high given that injection is restored 1.0

| during core damage.
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Name
HIH,-LP 1.2 HIGH HYDROGEN PRODUCTION GIVEN LOW FRESSURE:-
Probabilitv that hyGrogen production is high given that the vessel is
deoressurized during core damage. There is no CRD flow, and injection is
not restored prior to vessel breach.
HPME-1 1 HIGH PRESSURE MULT EJECT'ON:
Probability of high-pressure melt ejection given that the vessel 1s at high-
pressure when vessel breach occurs an¢ the core does rot collapse en-
masse.
HPME-2 1 HIGH PRESSURE MELT EJECTION:
Same as HPME-1, except the core coliapses en-mass2 (SLUMPS).
IN-FCI1-2 1.2 IN-VESSEL FUEL COOLANT INTEPACTION:
Probability of an in-vessel FCI given that the core collapses en-masse
(SLUMPS).
L-AC 5 LATE AC POWER NOT RESTORED GIVEN EVENT IS A STATION 0.1-§
{AC-PWP- BLACKOUT: 0.6
LATE) Probability that AC Power is not available late given that a station blackout
has occurrer! and AC Pow 2r is not restored early.
LALT-FL1 a4 OPERATOR FAILS TO PROVIDE ALTERNATE COOLING TO DE3RIS: 0.3
Probability that the operator fails to provide flovy from aiternate sy.tems o9

after ve. el failure, yiven that there was no station blackout, low-pressure
ECCS is not available and alternate injection systems are available. Vessei
was not pressurized prior to vessel breach, thus is the first ogportunity to
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Description Values
Name
L-ECCS-2 LATE ECCS FLOW NOT PROVIDED TO DEBRIS: 1.0
{ECCS-L-2) Same as L-ECTS-1, except that the vesse! was depressurized p:ior to
vessel breach and ECCS failed to operate as required.
L-ECCS-3 LATE ECCS FLOW NOT PROVIDED TO DEBRIS: 0.0
(ECCS-L-3) Probability that ECCS flow is not provided to the debris late given a s:ation 0.5
blackout, but with the AC Power restored late. Low-pressure ECCS vias
not available previously.
L-SPRY-1 OPERATOR FAILURE TO ACTUATE SPRAYS TO COOL DEBRIS: 0.0
(SPRY-L-1} Probability that operator fails 10 initiate dryweli sprays to cool core debris 1.0
given that the vesse! has breached and drywell sprays are available.
L-SPRY-2 OPERATOR FAILURE TO ACTUATE SPRAYS TO COOL DEBRIS: 0.0
(SPRY-L-1) Probability that operator fails to initiate drywell sprays to cool core debris 1.0
after vessel failure given a station blackout with AC Power restored early
and sprays available.
L-SPRY-3 OPERATOR FAILURE TO ACTUATE SPRAYS TO COOL DEBr 3: 0.0-
(SPRY-L-1) Probability that operator fails to initiate drywell sprays to cool core debris 1.9
given vessei failure, station blackout, and late restoration of AC Power.
Spray system is available.
LK-1 CONTAINMENT FAILURE LATE RESULTS IN RUPTURE: 00
Containment rupture is the consequence of early containment fuilure.
LK-2 CONTAINMENT FAILURE LATE RESULTS IN RUPTURE: 0.0-
Probability of containment rupilure due to iate over-pressure failure.
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LX-3 2 CONTAINMENT FA!LURE LATE RESULTS IN RUPTURE:
Probability of containment r:pture due to iate thermal failure

MDH,-CRD 1.2 MODERATE HYDROGEN PRODUCTION GIVEN CRD FLOW:

(H.MD-CRD} Probability that hydrogen production is moderate gwven that CRD flow
occurs during core damage. No other injection is restored and H,
production is not high.

MDH_-HP 1,2 MODERATE HYDROGEN PRODUCTION GIVEN HIGH PRESSURE:

(H,MD-HP) Probability that hydrogen production is moderate given that vessel remains
at high-pressure during core damage, there is no CRD fiow, and H,
production is not high.

MDH,-D 1.2 MODERATE HYDROGEN PRODUCTION GIVEN INJECTION RECOVERY:

(H.MD-INJ} Probability that hydrogen production 1s moderate given tha« injection is
restored du.ing core damage and H, production is not high.

MDH,-LP 1.2 MODERATE HYDROGEN PRODUCTION GIVEN L.OW PRESSURE:

(H.MD-LP) Probabil.ty that hydrogen praduction is maderate given that the vessel is
depressurized during core damage. There is no CRD flow, injection is not
restored prior to vessel breach, and H, production is not high.

MEDRISE1 1.2 MCDERATE PRESSURE RISE IN CONTAINMENT AT VESSEL BREZ.CH:

Probability that the containment pressure rise is moderate given that the
reactor vessel is at high pressure. Vessel rupture 1s prevented 2d vesse!
breach occurs. The core may or may not coilapse en-masse (i.e., SLUMP
not r levant without meit ejection] and high-pressure meit ejection is
preciuded.
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MEDRISE2

1.2

MODERATE PRESSURE RISE IN CONTAINMENT AT VESSEL BREACH:
Probability that the containment pressure rise is moderate given that the
reactor vessel 1s at high pressure. Vessel rupture s prevented and vessel
breach occurs. ~ he core does not coflapse en-masse (no SLUMP), high-
pressure meit ejection occurs, but the resultant pressure rise is not high.
Debris is ejected into water on the drywell fioor.

MEDRISE3

1.2

MODERATE PRESSURE RISE IN CONTAINMENT AT VESSEL BREACH:
Probability that the containment pressure rise is moderate given that the
reactor vessel '3 at high pressure. Vessel rupture is prevented and vessel
breach occurs. The core does not collapse en-masse (no SLUMP), high
pre . ure melt ejection occurs, and the drywell flocr is not covered by
Waho,

MEDRISE4S

MODERATE PRESSURE RISE IN CONTAINMENT AT VESSEL BREACH:
Same as MEDRISE2 except core collapses en-masse (SLUMP}.

MEDRISES

1,2

MODERATE PRESSUR™ RISE IN CONTAINMENT AT VESSEL BREACH:
Sam=2 as MEDRISE3 except core collapses en-masse {SLUMP).

MELT-1

DRYWELL SHELL MELTS AT EMBEDMENT:

Probability that the drywell shell meits at the embedment given that the
core does not collapse en-masse (no SLUMP), vessel breach occurs, debris
does not disperse, and wate covers the dryweil fioor.

MELT-2

DRYWELL SHELL MELTS AT EMBEDNENT:
Same as MELT-1 except wate- does not cover the drywell floor.

04
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Basic Event Description
Name

POOL-2 SUPPRESSION POOL DRAINED:
Probability that the suppression pool is drained given that containment fails
early and not in the drywell

RUPTURE1 PRIMARY CONTAINMENT RUPTURES:
Probability that the primary containment ruptures given that the failure is
thermally induced in the dryweill.

RUPTURE2 PRIMARY CONTAINMENT ~UPTURES:
Probability that the primary containment ruptures given that it is induced bv
over-pressure.

SLUMP CORE HAS COLLAPSED EN-MASSE:
Probahility that the core collapses en-masse.

SO-DWVB STUCK OPEN DRYWELL VACUUM BREAKERS:
Frobability that the drywell vacuum breakers are stuck open given challenge
curing core damage.

SO-TPVB TAIL PIPE VACUUM BREAKERS FAIL OPEN:
Probability that a tail pipe vacuum breaker is stuck open given that a LOCA
does not occur and there are no SORVSs.

SUMP CONTAINMENT FAILURE INDUCED AT SUMP:
Probability that containment failure induced at sump bottom given no other
failure mode has occurred and the debris core is not coclable.

TEMP-1 THERMAL FAILURE OF CONTAINMENT OCCURS:

Probability of thermal failure of containment given that water is supplied to
the drywell floor and the debris is not cooled.
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Description

TEMP-2

THERMAL FAILURE OF CONTAINMENT OCCURS:
Probability of thermal failure of containment given that water is not
suppled to the drywell floor and the debris is not cooled.

TEMP-3

THERMAL FAILURE OF CONTAINMENT OCCURS:
Probability of thermal failure of containment given water is not supplied to
the dryweli floor and the debris is cooled.

VB-CM< 26%

VESSEL FAILURE OCCURS WITH <26% CORE MELT AND INJECTION:
Probability that vessel breach occurs given that low-pressure injection is
recovered and less than 26% of the core has meited.

VB-CM>26%

VESSEL FAILURE OCCURS WITH > 26Y% CORE MELT AND INJECTION:
Probability that vessel breach occurs given that low-pressure injection is
recovered, greater than 26% of the core melts and the core does not
collapse en-masse (no SLUMP).

VSL-FCI-2

VESSEL RUPTURE WITH FCI AND SLUMP:

Probability that the vessel ruptures given that the core does collapse en-
masse (SLUMP} and in vessel FCI cccurs.

0.001-
0.05

L-VENT?

OPERATOR VENTS CONTAINMENT LATE:
Probability that the operator vents containment late given that containment

pressure is sufficient to require venting and AC Powver is available.
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