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E. EXECUTIVE SUMMARY

This Technical Evaluation Report (TER) documents the find'ngs from a review of the back-end
portion of the Individual Plant Examination (IPE) of the North Anna nuclear power plant.

E.1 Plant Characterization

Virginia Electric and Power Company operates two nuclear power stations at the North Anna
site. each of which has a rated thermal capacity of 2,893 MWt, and is contained within a a sub-
atmospheric, large dry containment. The North Anna containment building is a steel-lined
concrete shell in the form of a vertical cylinder, with a hemispherical head and a flat base. The
base is a i0-foot thick reinforced concrete siab. The mean failure pressure of the containment
is 128 psig. In several other aspects, such as RCS water volume, power, and masses of core
inventory, the North Anna plant is similar to the Surry and Zion plants.

E.2 Licensee's IPE Process

The IPE back-end analysis was a joint utility/contractor effort, with the contractor, Halliburton
NUS, taking the lead role. One Virginia Power engineer and two NUS employees were
involved in the back-end analyses. In addition, a number of front-end analysts were also used
to perform the tasks reiated to the front-end/back-end interface. An independent review team
composed of station personnel, corporate staff, two senior analysts from Science Applications
International Corporation (SAIC) and one containment analyst from Stone and Webster
Engineering Corporation (SWEC), was formed to review the results of the [PE.

The methodology employed in the North Anna IPE submittal for the back-end evaluation is
clurlydmﬁbed.andthel?EislogiulmdeomimmwithGszo. The outcomes of the
ﬁmthamlyamywpadimthDumeSmmm;hmemofmmm.
Pmubmsﬁtqmuﬁaﬁmofmwddempmpunonmvdvedmdevelopmemohw
Containment Event Tree (CET). This event tree is qualitatively similar to the tree developed
for the NUREG-1150 analyses for the Surry plant. Owing to the complexity of the CET, the
large event tree was divided into a number of small Deterministic Event Trees (DETs), that
concentrate on specific phenomena, such as in-vessel coolability, early containment failure, etc.
Extensive use was made of the information found in NUREG/CR-4551 for the quantfication of
split fractions for the various CET nodes. The results of the CET analyses lead to an extensive
number of end-states which are binned into release categories. The MAAP code is used to
simulate the containment response and to quantify the source terms. To a large extent, the
results of the severe accident simulations performed for the Surry IPE submittal were used.
However, a few North Anna plant-specific MAAP calculations were also performed.

E.3 Back-End Analysis

The submittal reports an internal events Core Damage Frequency (CDF) of 6.8 x 10 per reactor
year. LOCAs (30%), loss of offsite power sequences (29%), and transients (27 %) contribute
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gqually to core damage frequency. Steam Generator Tube Rupture (SGTR) sequences and
interfacing system LOCAs contribute to approximately 10% and 2% of the CDF, respectively.
The CDF for internal flooding is 3.6 x 10 per reactor year.

The CET analyses were performed using a large event tree methodology. The MAAP code was
used to determine the containment response and to calculate the source terms for a selected list
of sequences. Results from the containment analyses indicate that, upon core damage, the
conditional probability of radiological releases (including both containment failure and bypass)
is 26% (see Table E.1). The leading contributors to radiological releases are the sieam
generator tube rupture sequences and the V sequences, which together contribute to nearly 52 %
of the release frequency (14% of the CDF). Early containment failure, due to overpressure,
contributes to 1.1% of the CDF (4.2% of the release frequency). Late failure due to
containment overpressure contributes to 10.2% of the CDF (39% of the release frequency).
Basemat meltthrough contributes to 1.1% of the CDF (4.2% of the release frequency). Thus,
the conditional probability of late containment failure in the North Anna IPE submittal is nearly
twice the value calculated in the NUREG-1150 analysis for the Surry piant. The licensee
attributes the difference in results to the consideration of the loss of emergency room cooling,
both as an initiator and as a support system, in the front-end analysis. Loss of switchgear room
cooling leads to station blackout, since the emergency buses are lost. If AC power is not
recovered, or if safety injection systems fail (due to random causes) after AC power recovery,
the accident sequence progresses to vessel breach, relocation of core debris to the cavity, and
slow pressurization of the containment, leading to late containment failure.

E.4 Contsinment Performance improvement (CPI) Issues

OmofﬂwmcommﬁaﬁmofﬂuClempuﬂinin;meimhmdry
containments was that the utility should evaluate the IPE results for containment and equipment
vulnerabilities to hydrogen combustion (local and global), and point out any need for procedural
and/or hardware improvements. The submittal documentation does not explicitly discuss the
recommendations of the CPI program. However, in response to the NRC RAls, the licensee
nddmsedu\eiuwofbalmd;loulbydmmeombus&on.mdmhmdmmuw
containment. The licensee stated that hydrogen buildup to sufficient concentrations that can lead
to combustion and failure of the containment was unlikely in most accident sequences, Since a
number of ignition sources are available. However, this situation can occur in a station blackout
sequence with late AC power recovery. The licensee stated that a very conservative model for
this sequence led to the calculation of a containment failure probability of 0.03. The licensee
also stated that buildup of hydrogen concentration to a level that can sustain 2 4ztonation was
not possible in the North Anna containment.

E.S Vuinerabilities and Plant Improvements

The submittal attempts to define vulnerability in Section 3.4.2 (page 3-132) of Reference [1] (as
pertaining to core damage) as *a failure (component fault or human error) that is significantly
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Table E. | Containment Failure as a Percentage of Total CDF: Comparison with Other PRA
Studies
Containment Failure Mode North Anna

IPE NUREG-1150 | NUREG-1150

Early Failure
Late Failure
Very Late Failure
Bypass (V)
Bypass (SGTR)

Isolation
Failure

Intact

lochudnd 1o & Pant of Borty Comtaimmens Failure
lachedod ac & Pant of Late Commmmont Fudbure

gmcrmmod\en.i.e..comribunmemlOltotheCDFormustbeaf:ctorof:hm
greater than the next highest event”. No such definition is provided for a vulnerability as
pertaining to the back-end anaiyses. However, in Section 3.4.2.3 of the submittal, the licensee
notes that the containment structure and mitigation systems are robust, and the containment
m@quwmmmmmomﬂymmhumum. Redundancy and
diversity of containment spray systems leads to the fact that the probability of failure of the CHR
systems is low. In addition, since North Anna is a sub-atmospheric containment, the probability
of having an unisolated containment is also low. Thus, it appears that the licensee perceives that
no containment vulnerabilities exist for the North Anna plant.

The licensee has committed to a number of plant improvements. Complete details of the
improvements can be found in Section 6.1.2 (page 6-2) of the submittal, and the improvements
are summarized in Tabie 6-1 (page 6.7) of the submittal. To summarize briefly, a number of
procedural modifications were deemed necessary, and they include modifications in the testing
of auxiliary feedwater flow, procedures for realignment of quench and recirculation spray
headers, revision of procedures to verify SI flow, revision of testing procedures for the low head
safety injection pump, and improvement and modification of the room chiller repair and testing
procedures.
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In addition, a number of plant hardware modifications to prevent flooding in the charging pump
cubicle, improvement of the fire barrier between the spray pump house and the auxiliary
building, and hardware modification in the chiller room, were planned. The modifications
(hardware and procedural) are essentially compiete. The licensee mentions one back-end related
insight, and this insight pertains to SGTR sequences. The SGTR sequences involve failure of
the operator 10 cool down and depressurize the RCS early in the accident. For such sequences,
there is a potential for the steam generator PORV to stick open due to steam generator overfill.
Thus. the licensee concludes that the most significant insight from the back-end analyses is the
importance of regulating the level in the steam generators. The licensee also stated that [11)
'u:immmeofmwemﬂohubeenmmimdtomeNonhAnmmnin;dcpumemfor
use in developing training scenarios”. In addition, the licensee noted that replacement of steam
generators in the North Anna plant is near completion, and that the reliability of the new steam
generators is expected to be good.

E.6  Observations

The North Anna submittal calculates an internal events CDF of 6.8 x 10* per reactor year, and
a CDF of 3.6 x 10 per reactor year for internal flooding. LOCAs (30%), loss of offsite power
sequences (29%), and transients (27%) all contribute significantly to core damage frequency.
The results formeCDFutafncwroftwohrgcrmmo:eupomdinNUREG-llso for the
Surry plant. The differences are attributed to the identification of an additional initiating event

probability of intact containment.

The important points of the submittal-only technical evaluation of the North Anna [PE back-end
analyses are summarized below:

. m&ck-mmnofmmﬁmuuawbmnﬁﬂmmofinfomﬁonwim
mprdswmewbjeamidenﬁﬁedinaewicuws&zo. For the most part, the
separate models used in the North Anna IPE Back-End analysis are technically sound.
Eannveunismadeofﬂwqmdﬁudmofmespmﬁ:ctiomwinmemso-
1150 CET.

. Phenomena that lead to early containment failure (i.e., DCH, steam explosions) have
beenuuudinamnwvu'ysimilubNUREG-llSO. However, the caiculated
conditional probability of early containment failure is slightly larger for the North Anna
IPE submittal. The differences can be attributed to two reasons. The first reason is that
the relatively larger core and RCS in the North Anna plant in a similar containment (as
Surry) leads to the calculation of a higher conditional probability of early containment
failure. The second reason is the consideration of the loss of emergency room cooling,
both as an initiator, and as a support system in the front-end analysis for North Anna.
Loss of switchgear room cooling leads to station blackout since the emergency buses are
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lost. The increased contribution of station blackout sequences lead to a slightly increased
conditional probability of early containment failure.

. The submittal reports a conditional probability of about 10% for late containment
overpressure failure, and a probability of about | % for basemat melt-through. Once
again, these values are larger than those obtained from the Surry NUREG-1150 analyses,
and they are attributed to the consideration of the loss of emergency room cooling, both
as an initiator, and as a support system in the front-end analysis for North Anna.

. The radiological releases for the North Anna plant are dominated by steam generator tube
rupture sequences. The release frequency of the SGTR sequennces is 7.9 x 10 per
reactor year (11.6% of the CDF). It is noted that the release frequency of the SGTR
sequences is sigaificant, and the magnitude of the associated releases are large.

d The licensee has addressed the recommendations of the CPI program.
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1. INTRODUCTION

This Technical Evaluation Report (TER) documents the results of our review of the North Anna
Individua! Plant Examination (IPE) Back-End submittal [1). This TER complies with the
requirements for IPE back-end reviews of the U.S. Nuclear Regulatory Commission (NRC) in
its contractor task orders, and adopts the NRC review objectives. which include the following:

® To determine if the IPE submittal essentially provides the level of detail requested
in the *Submittal Guidance Document”, NUREG-1335,

e To assess if the [PE submittal meets the intent of the Generic Letter 88-20, and
® To complete the [PE Evaluation Data Summary Sheet.

The remainder of Section 1 of this report describes the technical evaluation pyocess empioyed
in this review, and presents a summary of the important characteristics of the North Anna
nuclear power plant related to containment behavior and post-core-damage severe accident
progression, as derived from the [PE. Section 2 summarizes the review technical findings, and
briefly describes the submittal scope as it pertains to the work requirements. Each portior. of
Section 2 corresponds to a specific work requirement as outlined in the NRC contractor task
order. A summary of the overall IPE evaluation and review conclusions are summarized in
Section 3. Section 4 contains a list of cited references. Appendix A to this report contains the
IPE evaluation summary sheets.

1.1  Review Process

The technical review process for back-end analysis consists of a complete examination of
Sections 1, 2, 4 through 7, and Appendix F of the IPE submittal. In this examination, key
ﬁndin;smnotad;inpm,med\odl.mdnmlumreviewed;mdanyimorcom
pertaining to the submittal are identified. The primary intent of the review is to ascertain
whetherotnot.n\dwwiutexwm.ﬂ\eb.ck-endIPElubnﬁmlnﬁsﬁatbemjorimemof
Generic Letter (GL) 88-20 [3] and achieves the four [PE sub-objectives. A draft TER ased on
theback-endporuonofmembmimlmwbminedmmeNRCinAum1994. A list of
questions and requests for additional information were developed to help resolve issues and
comemmtedinmeewnimﬁonpmw.uﬂwmforwardedwthcum. The licensee
responses [11] were reviewed. The final TER is based on the information contained in the IPE
submittal [1] and the licensee responses to the NRC Requests for Additional Information (RAls)

(11).
1.2  Plant Characterization
Virginia Electric and Power Company operates two nuclear power stations at the North Anna

site. each of which has a rated thermal capacity of 2,893 MWt, and is contained within a sub-
atmospheric, large dry containment. A detailed description of the North Anna containment and
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plant ‘dm are provided in Section 4.4 of the submittal. Figures 4.1.1-1 and 4.1.2-1 (of the
submittal) illustrate some of the design features of the cavity and the containment that are
important for severe accident progression.

The North Anna containment building is a steel-lined concrete shell in the form of a vertical
cylinder with a hemispherical head and a flat base. The base is a 10 ft thick reinforced concrete
slab, with a cylinder and dome resting on the top of the reinforced concrete slab. The concrete
cylinder is 4.5 ft thick, rises 125 ft above the slab, and is lined with a welded steel liner plate.
The dome is a 2.5 ft thick hemisphere with an inside radius of 65 ft. The thickness of the steel
liner varies from 0.25 inch on the basemat floor to 0.5 inch on the dome wall. The liner
thickness is 0.375 inch on the cylinder wall.

Table | provides a summary comparison of the key design features of the North Anna plant and
containment systems with the Zion and Surry plants. In addition, the following plant-specific
features are important for accident progression in the North Anna plant:

+ The cavity in the North Anna plant is isolated from the rest of the lower compartment
of the containment. It is composed of a cylindrical region below the RPV (1.75 ft
radius) connected to a rectangular tunnel by a normally open keyway. The cavity floor
is 10 feet thick, covered with a 0.25 inch liner which is in turn covered with 1.5 ft of
concrete. The horizontal, rectangular section of the cavity is 25.2 ft by 10 ft in cross-
section and communicates with the lower compartment.

] wwanemermeavityonlyfmmmequenchmyi.mdonlytlwspnyfbwm
falls onto the refueling pool floor will flow into the cavity. It is estimated by the licensee
that it will take approximately 20 minutes for the cavity to be full of water if all the
spray systems are functional.

] Tbemnimumwamekvutiononmeoominmﬂoot(outﬁdemeavity)wmmﬂn
conmnuofﬂwpﬁmmmmmekwsrminjecumuﬂweomimm 18
approximately 6 ft. However.mereqmreddepd\foroverﬂowfrommeconnimmw
cavity is 16.5 ft, which means that water will not overflow into the cavity if sprays do
not function.

L mwmetdoftheinmmmmnmlisnm:lopedﬁommemvwelnuthease
with the Zion plant. At the outer end of the instrument tunnel, the instrument tubes are
directed vertically upwards through a “cofferdam” that is raised above the adjacent tunnel
ceiling. The region around the instrument tubes is a likely pathway for the debris, as is
a 9 ft! ventilation duct on the roof of the instrumentation tunnel. The licensee believes
that the design of the instrument tunnel is less conducive to dispersion than the Surry and
Zion plants.
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o The cavity floor area is 58 m’. which is somewhat larger than similar Westinghouse
designs. If the entire core inveniory of the North Anna plant was to relocate on the
cavity floor (and spread uniformly), the debris layer thickness will be about 23 cm.

¢ mconcmeusedintheNonhAnmplaminmedwbeabanlticw. This type

of concrete will lead to generation of smaller quantities of noncondensable gases due to
core-concrete interactions, as compared to limestone concrete.

Table 1 Summary of Key Plant and Containment Design Features for the North Anna

Plant
e e] e TR0

Power Level, MW(1) 3,236
Volume of RCS Water, m’ 282 283 368

Free Volume of Containment, m’ 51,680 46,440 | 81,000
Mass of Fuel, kg 82,160 79,652 | 98,250

Mass of Zircalloy, kg 17,108 16.466 | 20,230
RCS Water Volume/Power, m’/MW(t) 0.10 0.12 0.11

Containment Volume/Power, m*/MW(t) 17.9 19.0 25.0
Zr Mass/Containment Volume, kg/m’ 0.33 0.35 0.25
Fuel Mass/Containment Volume, kg/m’ 1.59 1.72

Mass of H, Generated by Zirconium Oxidation, kg

Maximum H, Concentration, 10 moles/m’

Table 2 Comparison of Containment Capacities

44 psig (4 bars) 45 psig (4 bars) 47 psig (4.2 bars)
128 psig (9.8 bars) 126 psig (5.8 bars) 134 psig (10.2 bars)
Basaltic aggregate Basaltic Limestone
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. The North Anna plant has a recirculation spray system that is composed of four
independent spray trains. Two trains are located inside the containment, while two trains
have spray pumps located outside the containment in the safeguards building. The spray
pumps draw water form the sump in the recirculaion mode, but the sump is
compartmentalized such that each pump has its own sump compartment. The licensee
believes that the multiple, redundant spray system design will reduce the probability of
failure of the spray system.

In several other aspects such as RCS water volume, power, and masses of core inventory, the

North Anna plant is similar to the Surry and Zion plants, as shown in Tabie 1. Note that there
are small differences in the various ratios between the Surry and the North Anna plants.
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2. CONTRACTOR REVIEW FINDINGS

The present review compares the North Anna IPE submittal with the intent of the Generic Letter
(GL) 88-20, and its supplements, using guidance provided in NUREG-1335. The responses of
the licensee were also reviewed. The findings of the present review are reported in this section,
and they follow the structure of Task Order Subtask 1.

2.1 Licensee's IPE Process

2.1.1 Completeness and Methodology

The IPE submittal contains a substantial amount of information in accordance with the
recommendations of GL 88-20 and NUREG-1335. The submittal appears to be complete and
to provide the level of detail requested in NUREG-1335.

The methodology employed in the North Anna [PE submittal for the back-end evaluation 1s
clearly described, and the IPE is logical and consistent with GL 88-20. The outcomes of the
front-end analyses are grouped into Plant Damage States through the use of an event tree.
Probabilistic quantification of severe accident progression involved the development of a large
Containment Event Tree (CET), and this event tree was qualitatively similar to the tree
developed for the NUREG-1150 analyses for the Surry plant. Owing to the complexity of the
CET, the large event tree was divided into a number of small Deterministic Event Trees (DETS)
that concentrated on specific phenomena such as in-vessel coolability, early containment failure,
etc. Extensive use was made of the information found in NUREG/CR-4551 in the quantification
of split fractions for the various CET nodes. The results of the CET analyses lead to an
extensive number of end-states which are binned into release categories. The MAAP code is
used 1o simulate the containment response and to quantify the source terms. To a large extent,
the results of the severe accident simulations performed for the Surry [PE submittal were used.
However, a few North Anna plant-specific MAAP calculations were also performed.

The endpoints of the CETs represent the outcomes of possible in-containment accident
progression sequences. These endpoints are classified into a2 manageable number of release
categories, characterized by similarities in accident progression and source term characteristics.
Associated with each source term category is a release frequency and magnitude of radionuclide
release. A'mmmnbﬁc'dmnuundwchuifymCETendmimom
appropriate release categories. A total of 24 source term categories were found to result. The
mﬂn:deofdunhmfaachmhnmorymdewmimdbydwmm
calculations performed for the Surry IPE submittal. For the Surry IPE, MAAP calculations
were performed for a selected number of accident sequences representative of the source term
bins. For other categories, the release fractions were characterized by results from analyzed
sequences that were similar. Calculations were performed for 10 of the 24 release bins.
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2.1.2 As-BuilvAs-Operated Status

It appears that all the North Anna plant and containment systems are modeliled by the licensee.
The licensee performed a plant walkdown at the beginning of the study to ensure system
familiarization.

2.1.3 Licensee Participation and Peer Review of IPE

The IPE back-end analysis was a joint utility/contractor effort, with the contractor, Halliburton
NUS, taking the lead role. One Virginia Power engineer and two NUS employees were
involved in the back-end analyses. In addition, a number of front-end analysts were also used
to perform the tasks related to the front-end/back-end interface. An independent review team
composed of station personnel, corporate staff, two senior analysts from Science Applications
International Corporation (SAIC) and one containment analyst from Stone and Webster
Engineering Corporation (SWEC), was formed to review the results of the [PE. The SWEC
employee was involved in the design and modification of the North Anna containment. The
review team concluded that the IPE submittal met with or exceeded the requirements of the
generic letter. However, with regards to the containment analyses, the review team questioned
(1) the applicability of Surry results to the North Anna plant, (2) the definitions and binning of
PDSs, (3) the capability of the MAAP code for use in ascertaining the success criteria for SGTR
sequences, (4) the application of the PDS rules for different accident sequence types, and (5) the
documentation of source term results. The submittal states that the issues raised by the review
team were "resolved” by modification of the submittal, and by performing additional North
Anna-specific analyses.

2.2 Containment Analysis

2.2.1 Froni-End/Back-End Dependencies

menuypoimmmconnimnemmmmﬂmphmmem. The PDSs are
groupings of core melt aqm.undmdmihﬁdumwcidemmwonu\dwmmty
of containment safeguards. m;mlofd\ismpingptwasistoreduoetlwnumberof
required containment analyses to a tractable number. In the North Anna IPE submittal, PDSs
mdeﬁmdbyacombunﬁonofmmdiﬁenmbinmcchmcmuﬁanducﬁbedbelow:

I.  Status of Contaioment Building Prior to Core Damage: Considers the success of
containment isolation system, and divides PDSs into the two following groups:

° Containment not isolated

° Containment isolated

All sequences with containment isolation failure are grouped into two PDS groups, i.e.,
with and without the success of quench or recirculation sprays.
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2. W This parameter is used to classify PDSs by accident initiators.
This parameter is used to classify sequences by RCS pressure and to distinguish

sequences with different key event timings. The following types of initiators are
considered:

° Large break LOCAs
o Small/Medium break LOCAs
o Transients

3. Siation Blackout Type: This parameter indirectly determines the availability of AC
power. Sequences with total loss of AC power are grouped into station blackout PDS,
and those with onsite AC power available are grouped into non-station blackout cases.

4. WFamﬁmbmnypenqm.thnmmisuudmi&nﬁfy
the possibility of recovery of offsite power subsequent to core damage. Recovery of
offsite power is considered in two time frames, namely, prior to RPV failure, and prior
to containment failure. Power recovery after core damage allows for recovery of in-
vessel injection which may terminate the accident, and the restoration of sprays and
containment heat removal that might prevent containment failure.

3. Recirculation Sprays: Succmﬁnopenﬁonofspnysinmcircuhﬁonmodeismddw
prevent late containment failure, and mitigate fission product releases to the environment.

6. W;lnﬂnN«ﬁAmMmﬁonofcmuﬂnof
mcmﬁonmy:mmwimafumﬁonﬂhmeerismmprwembng
term containment overpressure failure. Thispnnmdemuﬁnumcavﬁhbiﬁtyof
containment heat removal systems.

RCS Pressure During Core Damage: Accident sequences are classified into four types,
based on the RCS pressurs as follows:

° Low Pressure (< 200 psig)
o Low-High Pressure (200 - 2000 psig)
© High Pressure ( 2000 - 2335 psig)
© High-High Pressure (2 2335 psig)

The choice of the pressure boundaries was hased on a review of NUREG-1150 analyses
and assumptions. For RCS pressures below 200 psig, the NUREG-1150 analysts
comludedﬂntﬂnewpﬁcdispenﬂofdebﬁsfoﬂowin;mselbmchhnmbeﬁwed
to be important. The NUREG-1150 in-vu:elexpenpaneldecrm’medZOOOpsiuobethe
threshold pressure above which induced hot leg or surge line rupture was likely. The
High-High pressure regime corresponds to the PORV setpoint relief pressure.
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8. SMLMMM This indicator determines the availability of the ECCS
injection, and consists of four branches:

On - ECCS available for injection and operational.

Deadhead - ECCS available, but cannot inject because of high pressure.
Recovered - Injection recovered after core damage, but before vessel breach.
Failed - ECCS never available.

9. Containment Bypass: Steam Generator Tube Rupture (SGTR) and V sequences are
binned by this PDS indicator.

The PDS definitions appear to be adequate. The PDS grouping logic is explained by the logic
diagram presented in Figure 4.3.2-1 of the submittal. Quantification (i.e., binning of the
sequences into proper PDSs) was performed using the HNUS-proprietary NUCAP+ code.
Fifty-eight PDSs were initially defined for the IPE. However, all PDSs which have a zero
frequency were deleted. Furthermore, PDSs having a frequency of less than 10* were further
binned with other PDSs that were judged to be qualitatively similar. A total of 25 PDSs was
found to remain after reclassification.

PDSs 1 and 2 contain sequences that include failure of containment isolation. These sequences
contribute to a total of 0.22% of internal events CDF. PDSs 3 through 7 are the Station
Blackout (SBO) sequences. SBO sequences contribute to 27.3% of the CDF. PDSs 8 through
11 represent transients other than the station blackout type. They contribute to 2.6% of the
internal events CDF. Large LOCA sequences are represented by PDSs 12 and 13, and they
contribute 10 6.4% of the CDF. Small and medium LOCAs contribute to 51 % of the CDF. V
sequences contribute to 2.35% of the CDF, and are binned by PDS 24. SGTRs contribute to
10.3% of the CDF, and are binned by PDS 25. High pressure sequences (pressure ~ 2335
psig) contribute to 47% of the CDF, and intermediate pressure (200 < pressure < 2000 psig)
sequences contribute to 45% of the CDF. Low pressure sequences contribute to 8% of the
CDF. A listing of all the sequences (with frequency approximately above 10*) in all PDSs is
found in Table 4.3.4-2 of the submittal.

2.2.2 Coninment Event Tree Development

Probabilistic quantification of severe accident progression is performed using an event tree
methodology. To keep the event tree compact and understandable, similar and adjacent top
event "headings” are grouped to form *Decomposition Event Trees" (DETs). Each PDS was
developed using a different (but similar) event tree, and the general Level-2 event tree is
depicted in Figure 4.5.1-1 (page 4-167) of the submittal. The event trees for all the PDSs are
provided in Figures 4.5.1-2 through 4.5.1-5 of the submittal. The development of the general
event tree is discussed in Section 4.5.1 and the decomposition event trees are discussed in
Section 4.5.2 of the submittal. The CET is qualitatively similar to that used in NUREG-1150
[Z]mdmakuextemiveuleofmemulnfrommnreference. The CET is concise and contains
the following main top events:
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(1)  Mode of induced primary system failure,
(2) Debris cooled in-vessel,

(3) No Alpha mode containment failure,

(4)  No early containment failure,

(5)  No early recirculation spray failure,

(6)  Debris cooled ex-vessel,

(7)  Mode of late containment failure,

(8)  No late recirculation spray failure, and
(9) Long term containment failure.

Made of induced o i

This DET (i.e.. a cluster of adjacent event tree nodes) addresses the potential for failure of the
RCS pressure boundary due to natural circulation. Three branch possibilities are considered:

1. No induced RCS failure,
3 Hot leg (or surge line) failure, and
3. Steam generator tube rupture.

The probabilities assigned for the three branches are the same as provided by the NUREG-1150
expert panel. However.d\eucenwehumaediuopemoncﬁonwdeptuwﬂumekcs
using the PORVs after core damage.

Pebets cocied inaasel

This DET considers the probability of core coolability after damage due to recovery of injection
systems. Two possible branches are considered, namely, debris cooled in-vessel, and debris not
cooled in-vessel. However, the negative consequences of core reflood such as reflood-induced
hydrogen generation, combustion and containment failure are not treated.

recovery of injection systems. In NUREG-1150, the analysts assigned various values for this
evemdependimonthetimofmry.mdmextentofcomdnme. The level of analyses
in the submittal are not as extensive as the NUREG-1150 analyses, and the same probability of
0.7 is assigned for successful core coolability for all PDSs. However, if LPI is available, but
notabletofumﬁonduetohighRCSpmwre.mdifhotlegmpmnoccun.thcmbmiml
assigns a probability of 0.9 for successful core coolability. Once again the time of hot leg
rupture, and the extent of core damage is not considered. For sequences that have induced
SGTR. in-vessel core coolability is assigned a zero probability, and this is a conservative
assumption.
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No Aloha Mode Conta ”

In-vessel steam explosions and alpha-mode containment failure are treated by this DET. The
values assigned for containment failure due to IVSE are 0.008 for low pressure sequences and
0.0008 for high pressure sequences, and these values are identical to those used in NUREG-
1150.

Mode of Early Contai Fail

This node is a risk-dominant question that treats early containment overpressurization failure.
The effect of the blowdown of the primary system, DCH, hydrogen combustion, and rapid steam
generation in the cavity are considered in determining the containment pressurization loads.

Three possible containment failure modes were considered possible, namely, a leak (leak size
of 0.1 ff), a rupture (leak size of 1 ft’), and a catastrophic rupture (leak size of 7 ft’). Based
on NUREG-1150 estimates, containment leakage was assumed to be the most likely failure mode
below a failure pressure of 135 psig, and containment ruptures were considered to be the likely
failure mode for the pressure range of 135-150 psig.

Early containment failure is assumed to be dependent on the following processes and
phenomena:

1. Containment pressure prior to vessel breach,
- Contairunent pressurization due to blowdown,
3. Amount of hydrogen produced in-vessel,

4, Fraction of mass participating in DCH, and
5. Extent of hydrogen burn at vessel breach.

The node that isu:edtoestimwnninmentpmmpﬁortovaulbmchinmmmcm
node, uithmemninmentpmmpﬁorwvwelbmchweredeﬁmd. namely, low,
intermexi te and high. Low containment pressure prior to vessel breach represents all sequences
which h.ve functioning sprai's and successful heat removal. High containment pressure is
assumed to be characteristic of sequences that involve a depressurized RCS and do not have
functioning sprays. The intermediate regime is assumed to occur for sequences that are not
depressurized prior to containment failure, and do not have sprays.

Containment pressurization due to blowdown is assumed to be dependent only on the RCS
pressure prior to vessel breach. "Low" pressure rise is assumed for sequences that involve
depressurization prior to vessel breach. "High" pressure rise represents sequences that have
RCS pressure greater than 200 psig prior to vessel breach.
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In-vessel zirconium oxidation determines the amount of hydrogen generated prior to vessel
breach, and two discrete regimes were selected, ramely greater than 40% in-vessel oxidaton,
and less than 40% oxidation. A review of MAAP results indicated that the extent of in-vessel
oxidation was more than 40% for all analyzed accident sequences except the large LOCAs.

The fraction of the corium mass participating in DCH is considered in the submittal to be the
most important parameter affecting containment pressurization due to DCH. The submittal
divides the fraction of mass participating in the DCH into three classes, i.e., nominal (25%),
high (50%) and very high (75%). The probability associated with each of these classes is 0.9,
0.09. and 0.01 for nominal, high and very high respectively. These choices were made after
a review of the results of the analyses performed for NUREG-1150. A simplified rationale of
the choice of the mass of the debris participating in DCH is given in Section 4.5.2.3 of the
submitial.

Hydrogen burn associated with DCH events is a significant contributor to containment loads.
Given that DCH has occurred, it is possible that 2 hydrogen burn can occur since the hot debris
can act as a source of ignition. The licersee considers that for DCH events, two possible
outcomes are possible, namely, burns limited by local flammability conditions in the
containment. and unconditional burns. Probabilities varying from 0.1 to 0.7 are assigned for
unconditional burns.

ltshouldbcnowdherethnmemmofthedebmpmicipatiminDCHisnottheonly
parameter that governs DCH-induced containment loads. There are other parameters, the most
important being the mass of zircalloy (and steel) in the debris, which govern containment
pressurization. The mass of co-dispersed water and the geometry of the cavity and the lower
compartment, all play significant roles in determining containment loads. The licensee has
acknowledged that parameters such as the mass of codispersed water will play a role in
dcwrmdenpmdeumDCH.butmehcemhunmmnﬂewobnm
quantitative estimates for pressurization due to these effects. The submittal does not consider
the effect of all of these additional parameters, which have significant uncertainties associated
with them. However, a recent study sponsored by the NRC [12] extrapolated the DCH
calculations performed for the Surry plant to the North Anna plant, and estimated the conditional
probability of containment failure due to DCH is approximately 0.1%. Hence, the results of the
North Anna IPE submittal (calculated conditional probability of containment overpressure failure
of approximately 1% at vessel breach) appears to be conservative.

The expected pressure for each CET branch, and the related probability of containment failure
are both provided in Figure 4.5.2-4 (page 4-175) of the submittal. It is not clear how the
pressurization loads have been obtained, and it appears that both MAAP results and
NUREG/CR-4551 results have been used. In any event, the analyses performed have been
extensive, and the licensee seems to be aware of the phenomena that govern early containment
failure in PWRs with large, dry containments.
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Recirculation sprays can fail during the course of an accident sequence due to several reasons:
“ Alpha-mode failure or early containment failure can cause failure of the sprays.

L] Environmental conditions in the auxiliary building, due to containment failur and release
of steam into the auxiliary building, can cause spray failure.

& Environmental conditions inside the containment can fail the spray pump motors.

L Spray recirculation function can fail due to debris entrainment into the sumps, either by
blocking the mesh screens, or by passage into the pump suction and subsequent damage
to the pumps.

The DET for this event is very detailed and consists of 10 top event questions. Split fractions
varying from 0.01 to 0.1 appear to have been calculated for early recirculation spray failure.

Debris Cooled Ex-Vessel

Ex-vessel cooling of debris by RWST water is treated by this node. Four factors are considered
to play a role in ex-vessel coolability of debris, namely, RCS pressure at vessel breach,
availability of cooling water on the debris, dispersion of debris out of the cavity, and depth of
the debris pool on the cavity floor. Various probabilities are assigned to the coolability of debris
after considering combinations of the above-mentioned factors.

lfuwRCSmawmavuulbmcbummzwm.Mhpmubﬂityofwm
of debris out of the cavity is assigned a value of 0.9. If the RCS pressure is Jess than 200 psig,
then all the debris is assumed to accumulate on the cavity floor. For the branch that entails
dispenionofdebrismnoftheavity.Mmtwoposdbhchoicaofdebﬁsbeddepm.
Shallow beds refer to debris beds of depth between 10 and 25 cm. Very shallow beds have bed
depth of less than 10 cm. Fame‘dispuuddabﬁs'ase.d\epmbabiﬁtyofdebﬁsbcdbcin;
vetyshluowiso.9.mdﬂmformedebrisbedbein¢dunowi30.l. For the no-dispersal (low
pmsum)wemﬂo,debﬁsbedsmbedeepormuow. Deep beds have a depth of greater than
25 em. ltwualrudymdum.ifmd\ecoﬁuminvenmwuspmdonmeavityfbor
uniformly, the resulting nool will have a depth of 23 cm. Thus, the submittal has included
scenarios that involve localized accumulation of debris and considers the possibility of non-
coolability of the resulting debris beds.

The final node in the DET considers the coolability of debris for various branches. For deep
pools, it was determined that (given there is an overlying pool of water) the coolability of the
pools was indeterminate, and a probability of 0.5 was assigned. For shallow beds, the
probability of ex-vessel coolability was larger, and a probability of 0.9 was assigned for
coolability. For very shallow beds, it is assumed that the debris is always coolable, given an
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mured.waer supply. Even when there is no water supply, it is assumed that radiation and
convection can cool very shallow pools, and a probability of 0.9 is assigned for the coolability
of very shallow beds without an overlying pool of water.

Lan Caal Fail

Late containment failure by overpressure either due to buildup of steam/noncondensable gases,
or due to hydrogen burns is questioned by this DET. A key element of this DET is the
availability or recovery of AC power and recirculation sprays. The node also depends upon
debris bed coolability. Late hydrogen burns due to recovery of sprays are considered, and a
simple bounding calculation is used to obtain the peak containment pressure due to a hydrogen
burn that will consume all the oxygen in the containment. A peak pressure of 103 psia was
calculated, and a resulting probability of 0.03 was assigned to late combustion-induced
containment failure. Late containment failure is also probable when the CHR systems are not
functional.

N Laie Satedaen Suny Pl

This node is qualitatively similar to the early spray failure node, and the details arc not repeated
here. The corresponding DET is provided in Figure 4.5.2-8 of the submittal.

{oae Torm Costsiament Fail

The final node in the CET considers the possibility of basemat melt-through. Although meit-
through is highly improbable, it is still considered for sequences that have no sprays or heat
removal, and for which the debris is not cooled ex-vessel. Under these circumstances, for deep
pools, the probability of basemat melt-through is assigned a value of 0.25. For shallow pools,
the corresponding value is 0.05. The source for these values is stated to be NUREG/CR-4551.

lnsummnry.tthErunlysumvetydmiledekcemmivewofﬁneNUREG-uso
analyses performed for the Surry plant.

2.2.3 Containment Failure Modes and Timing

The North Anna IPE submittal provides a comprehensive discussion of containment failure
modes and timing in Section 4.4.1. The IPE submittal utilized the results from the Surry
NUREG-1150 analyses for the containment fragilities. Accordingly, the capacities varied from
93 psig (5-th percentile) to 149 psig (95-th percentile), with a mean of 128 psig. A comparison
of the Surry and North Anna containments is also provided in Section 4.4 of the submittal, and
there is no reason to believe that the containment capacity calculated for the Surry plant is not
applicable to the North Anna plant.

The effect of elevated temperatures upon containment penetrations in the North Anna
containment is discussed briefly in Reference [11]. O-rings are used in the equipment hatch,
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the personnel.nr lopk, and the fuel transfer tube. The licensee stated that "the O-ring matenal
performance ina high temperature environment was not specifically evaluated as a part of the
IPE because this issue was not raised in any of the NUREG/CR-4550 documentation®.

2.2.4 Containment lsolation Failure

A simplified analysis of the containment isolation system is presented in Section 4.4.1. It should
be noted that the North Anna containment is a sub-atmospheric containment maintained at 10
psia, and hence, the probability of containment isolation failure is not anticipated to be large.
The NUREG-1150 analyses for Surry (which has a similar, sub-atmospheric containment) did
not treat isolation failures in detail. The IPE submittal considers the possibility of a leak from
the containment due to isolation valves failing to close in penetrating fluid lines. Four lines to
the atmosphere from the containment were identified. It was assumed that the normal isolation
arrangement is two valves in series per line. A generic value of 1.1 x 107 per valve for failure
to close was assumed. A fault tree model for the containment isolation system is presented in
page A-313 of the submittal. The totl calculated frequency for core damage sequences with
containment isolation failure is 1.5 x107 per reactor year, or about 0.2% of the internal events
CDF [1,11). This frequency is similar to that calculated in other IPE submittals.

Containment bypass was also analyzed as part of the [PE. The maximum size of the piping
connected to the RCS, and the flow restrictors in the piping, was determined to be six inches.
Instead of performing an independent analysis for the North Anna plant, the licensee makes use
of the NUREG-1150 results for the Surry plant. The expert pane! determined that the frequency
of the interfacing systems LOCA was 1.6 x 10 per reactor year for Surry, and the same value
was used for the North Anna IPE submittal. In addition, unisolated SGTRs were also evaluated,
and they are the dominant contributors to containment bypass (7.01 x 10 per reactor year, or
10.3% of the internal events CDF).

2.2.5 System/Human Response

No explicit discussion of operator actions in the back-end analyses can be found in the North
Anna [PE submittal. lnflct.nooperlwracﬁomwmoonsiduadinﬂzback-emwym. The
limmmmhgpmwhwnmnmmthmmmwd&mmemt
procedures in place [11]. Since the recovery actions had not been proceduralized, the licensee
dxidedtmwmmyandnfamrywﬁomnﬁammmue[ll].

2.2.6 Radionuclide Release Categorics and Characierization

The endpoints of the CETs represent the outcomes of possible in-containment accident
progression sequences. These endpoints are classified into a manageable number of release
categories, characterized by similarities in accident progression and source term characteristics.
Associated with each source term category is a release frequency and magnitude of radionuclide
release. The main characteristics of the CET end-states considered when developing these
release categories in the submittal were:
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Containment bypass (SCTR/Event V)
CET end-states corresponding to bypass sequences were grouped using this attribute.

For V-sequences, the effectiveness of fission product scrubbing by the auxiliary building
is also considered.

Dabris cociad io-vasae

If the debris is cooled in-vessel, and the containment is isolated, fission product release
is small.

In-vessel steam explosion and missile formation resuits in a direct path to the
envimnmem,mdbencemeanocmedewamwumipndmambin.

Contai R
This attribute is considered importznt because pre-existing isolation failures do not permit
effective fission product deposition in the containment. Thus, even if containment failure
werewoccurmetinu\emofﬂwwcidemnqum,themunimdeofﬁsdon
product reiease is not increased.

Shis i i i

Three time periods were defined in the submittal, namely, early, late and very late (i.e.,
basemat melt-through).

1 iod of .

Four possible time periods over which the recirculation sprays are assumed to operate
are defined, namely, continuous, early only, late only, and never.

Mode of ; il
Two modes of containment failure were defined, and they are leak and rupture.

Bl e e i Lo

This attribute defines the effectiveness of the auxiliary building for scrubbing fission
product releases. It is defined for V sequences only.

A "source term logic" diagram is used to classify the CET end states, and is given in Figure
4.7.2-1 (page 4-227) of the submittal. A total of 24 source term categories were found to result.
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The magnitude of the releases for each release category were determined by the source term
calculations performed for the Surry IPE submittal. For the Surry IPE, MAAP calculations
were performed for a selected number of accident sequences representative of the source term
bins. For other categories, the release fractions were characterized by results from analyzed
sequences that were similar. Calculations were performed for 10 of the 24 release bins.

Generic Letter 88-20 states that: "any functicnal sequence that has a core damage frequency
greater than or equal to 10 per reactor year and that leads to containment failure which can
result in a radioactive release magnitude greater than or equal to BWR-3 or PWR4 release
categories of WASH-1400," should be reported in the [PE submittals. Substantial information
is provided in the submittal and the response to the NRC RAIs [11] to obtain the required
information.

Only four source term bins appear to have release magnitudes close 10 the PWR4 release
category of WASH-1400, and they are STCs 22, 23, 24 and 8. STCs 22 and 23 include
interfacing systems LOCA sequences (with and without scrubbing by an overlying water pool
in the safeguards building, respectively). STC 24 is the source term bin that corresponds to
steam generator tube ruptures. The releases are larger than PWR4 releases, and the frequency
of the release category is 7.38 x 10* per reactor year. The list of sequences that comprise this
source term category is not provided in the submittal, however, the breakup of the bin frequency
by initiating event is provided in Table 4.7.4-2 of the submittal. From this table, and from the
discussion provided in Section 3.4.1.3, it was possible to identify two sequences that meet the
GL 86-20 reporting criteria. The sequences in STC 8 have frequencies smaller than 10* per
reactor year. Hence.onlymeseqmﬂutmbinmdinnmsnmdﬂneedtobe
reported. Theﬁmlunofaquemuthnmeetd\ereporﬁngcﬁmupmvidedinhblel

Release category 24 corresponds to SGTRs, and has the largest releases. The SGTR sequences
mohnveadhectpnm“ywuuamosplm.mdmetehmmunmbbeduwmm
gemmmnduyﬁdeinvenmisboihddrypﬁorbmd:mp. There is little mitigation
in the secondary system. mgerclummalcumedformeinmfacinuysmLOCAwhen
the release point is not submerged (STC 23). Releases start earlier than for the SGTR sequence.
The next largest release is predicted for STC 8, which involves early containment failure with
no spray operation. SmﬂarehsumpredicmdforSTC?.whichisﬂwmmmnbin
corresporkiing to an early containment leak. All other bins have releases that are orders of
magnitudes smaller than the four mentioned above.

AwmpaﬁmofnhsuforﬁummgemmmbempmmaeqmbetweenmmE
submittal results and the results available in the literature for other plants based on STCP [6] and
MELCOR (7], is shown in Table 4. The results indicate that the iodine and cesium releases
reponedinthembmmlmurgammemmumortheMELCORmuln. The reported
tellurium releases are two orders of magnitude smaller for the North Anna calculations. The
submittal also reports strontium, barium, cerium and lanthanum releases, which are one order
of magnitude higher than the Surry BCD results. The differences in the releases for the volatile
species such as iodine and cesium are probably due tc the high degree of revaporization
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Table 3 A Listing of Sequences That Meet the Rsporting Criteria of GL 88-20

Sequence | Frequency | Description Release Fraction |
of Csl

SGTR with failure of operator to cooldown and
depressurization: Stuck-open relief valve

Interfacing Systems LOCA

SCGTR with failure W isolate faulted steam generstor

Table 4 Comparison of Releases for Surry (SGTR Sequence) and North Anna (SGTR Sequence

W PWR (MELCOR) Surry (STCP) | North Anna (MAAP) |
Gop | Em | BCD IPE (1)

predicted by the MAAP code. The differences in the releases of strontium and barium are
problblyduwthediﬂmncummeuumtofMCClintheMAAPMCORCOLoodet.

Wthullenmmbwaoodemwwmpnble.the
licenuehuwuhdﬂnin-vuulcummmnmmnnmewm.wmﬂm
the releases increased from 0.0026 to 0.55. However, it appears that these releases may also
be in error.

Table § makes a comparison of releases for the V sequence with the break exit above the water
level in the auxiliary building. The releases for the cesium and iodine species are comparable
between the NRC codes and the MAAP code. The releases for tellurium are considerably
smaller.mdd\elicemeciuwmofmefactmmeMAAP—predicmd releases of tellurium ar>
small. All other reported releases in the submittal are larger than those caiculated by STCP.
Table 6 makes a comparison of the releases for early containment overpressure failure. In
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general, the releases reported for the volaule species are comparable. but the releases reported
for tellurium, barium and strontium are considerably smaller.

Table S Comparison of Releases for Surry (V Sequence) and North Anna (V Sequence,
Release Category 23)

T | SumTCP) | Sumy(STCP) | North Aua (MAAP) _
s BCD (6] BNL[® |  PE_ |

Table 6 Comparison of Releases to Other Studies (TMLB' Sequence, Containment Failure
At or Around Vessel Breach)

Surry (STCP)

Not Available
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2.3 Quantitative Assessment of Accident Progression und Containment Behavior

2.3.1 Severe Accident Progression

The MAAP 3.0B code was used to evaluate the integrated containment response and the severe
accident source terms. The MAAP parameter input file is included in Appendix E of the
submittal. However, the majority of calculations appear to have been performed for the Surry
plant, and only a limited number of North Anna-specific calculations appear to have been
performed. mMMPamlympe:fomedfamaccidenunﬂymmdmcem
quanﬁﬁuﬁmmquitedeﬂiled.mduoulofn sequences were analyzed. The choice of
aeqwmutobeunlyudwnbandonmecsranﬂyminordertomppoﬂthequantiﬁaﬁon
ofsplitﬁ:cﬁonsford\eCEr,mdtoemblcmeproperqumﬁﬁaﬁmofmmmfmm
important end states. A listing of the analyzed accident sequences is provided in Table 4.6.1-1
(page 4-123) of the submittal. Table 4.6.1-2 of the submittal provides a listing of the timing of
key events, and Table 4.6.1-3 of the submittal provides results for selected calculated
parameters. However, itnppanumﬂ\eresulupmenwdinﬂwublumforﬂ)eSurry
plant.

Onlyllimiwduuappunwhnvcbeenmadeofﬂ\eres\dnfmmmeMMPalcumiom. It
nppelrnhutheMMPmMufm&efoﬂowin;mnﬂmmuwdintheCETmﬂysu:

k. RCS pressure at vessel breach,

& Timpeﬁodforvuselfaﬂuremdmmchduﬁﬁhpumﬁleoonuinmemfaﬂm
preswre(uudinmepowermcoverynodeofmecm,

3 Containment pressure prior to vessel breach,

4. Containment pressure prior due to blowdown, and

S. In-vessel hydrogen generation.

lnaddiﬁon,ﬁnmmmdmwﬂm&eﬂuﬁu&ewm.bmudmmeﬁﬂy
plant model. However, it must be noted that only limited sensitivity caiculations have been
performed with regards to the deterministic severe accident analyses. The performed sensitivity
analyses include a study on the effect of the blockage model upon in-vessel hydrogen generation
and the effect of altering the tellurium release model upon the source term. Thus, the number
of sensitivity analyses performed is very limited, and many of the recommended sensitivity
uulyuesinmeﬁl’kldocumemmwmnotperforw. It should be noted that the Surry and
the North Anna containments differ slightly in free volume, and the licensee should have scaled
theSunyresulnforconnimmmumpﬁormanduveuelbmchpmperlybef«eudm
them for the North Anna CET analyses. The licensee noted that [11) the results (for
containment pressure) from the Surry analyses were multiplied by a factor of 1.17 to ace ™
for the differences in the rated power and the RC volume between the two plants.
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2.3.2 Dominant Contribytors to Containment Failure

Table 7 of this review shows a comparison of the conditional probabilities of the various
containment failure modes of the North Anna IPE submittal with the Surry and Zion/NUREG-
1150 results. All comparisons are made for internal initiating events only.

The North Anna core damage frequency for internal events is slightly larger than that calculated
by NUREG-1150 for Surry and Zion [4,5]. The conditional probability of early containment
failure (due to overpressurization) in the North Anna plant is 1.3%, and is twice as large as the
values calculated by NUREG-1150 analyses for Zion or Surry. Transients and station blackout
sequences are significant contributors to early containment failure. The licensee attributes the
higher probability of early containment failure in the North Anna IPE, as compared to the Surry
results, to the larger core inventory, power and RCS water volume in the same containment
volume. In any event, it appears from the results that the use of NUREG-1150 analyses have
resulted in consistent results for the North Anna plant.

Table 7 Containment Failure as a Percentage of Total CDF: Comparison with Other PRA
Studies

Containmen: Failure Mode

Core Damage
Frequency, yr'

Inciuded s & Part of Barty Comuament Faillure
lochaded s & Part of Late Comtainmen Failure
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The submittal also calculates a higher probability of late containment failure by overpressure
(10.2%) and basemat melt-through (1.1%) than the Surry NUREG-1150 analyses. The licensee
attributes the difference in results to the consideration of the loss of emergency room cooling,
both as an initiator, and as a support system in the front-end analysis [11]. Loss of switchgear
room cooling leads to station blackout since the emergency buses are lost. If AC power is not
recovered, or if safety injection systems fail (due to random causes) after AC power recovery,
the accident sequence progresses to vessel breach, relocation of core debris to the cavity, and
slow pressurization of the containment, leading to late containment failure.

In addition, the calculated conditional probabilities of pre-existing steam generator tube ruptures
(10.3%), induced steam generator tube ruptur=s (1.3%) and interfacing systems LOCA (2.4%)
are all hr;erfortheNonhAmmbmimleorﬂnNURBG-llSOunlym. The differences
canbemﬁbunedpn’marilywuwdiﬁemmuinn\emdumepwﬁlebetweenmemm
analyses. ltappunﬁmdwmthodsmdmumpﬁomuudfaoonnimmmﬂym in the
North Anna submittal and the Surry NUREG-1150 report are, for the most r art, similar.

The dominance of the SGTR sequemuonﬂ\erelu:epmﬁkofanonhAmplaminobe
noted. Amdmimpommpoimtobemwdbereisﬂmasmaﬂ.butsi;niﬁwnfnctionof
recovered sequences involve the maintenance of the core in an undamaged state by using the
SI systems in the recirculation mode, but without an operable means of CHR. The SI pumps
are qualified for pumping water at temperatures in excess of 300°F. If the pumps were not
capable of functioning at these temperatures, then core damage and containment failure will
occur in rapid succession for these sequences. In addition, the CDF will increase by
approximately 10 per reactor year.

2.3.3 Characterization of Containment Performance

The top ten PDSs with the highest CDF are PDSs 21, 4, 20, 25, 14, 12, 23, 5, 3, and 24.
Together the top 10 PDSs contribute to more than 91 % of the internal events CDF. The overall
results can be understood from a discussion of the results for the top 6 PDSs.

PDS 21, with 28.3% of the internal events CDF, includes small break LOCAs with AC power
and recirculation sprays available. Since the RCS pressure is less than the setpoint pressure, the
probability of induced hot leg failure is very small. The probability of in-vessel coolability is
mom;li;iblc.dwcmeuqminvdvehﬂmeofhi;hmdlowhadmjecﬁon.
Subsequently, the conditional probability of vessel breach is close to 1. However, the
probability of early containment failure is low (~ 0.6%), since all sequences in this PDS have
functional CHR. mptobabﬂityofmemdvewweconninmemfaﬂmislw.mdmu
a very high probability of intact containment (~ 98%).

PDS 4 (18.6% of the CDF) includes station blackout sequences that involve recovery of sprays
after vessel breach. There is a high probability of induced RCS failure (72%) for this PDS.
Since AC power is not available early, there is no possibility of in-vessel coolability. The
branch of the CET that involves RCS pressure boundary failure, entails no early containment
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failure. However, the branch of the CET that does not involve induced failure of the RCS
pressure boundary has a considerable probability of early containment failure. The conditional
probability of early containment failure for this PDS is 1.6 %, while the conditional probability
of late containment failure and basemat melit-through is very low for this PDS due to the
recovery of CHR.

PDS 20 (12.1% of the CD¥) involves small break LOCA sequences with low pressure injection
available. The RCS pressure at core damage is below 2000 psig, but above the setpoint of the
low pressure injection pumps. Induced failure of RCS is not possible, and the CET results are
quite similar to that for PDS 21.

PDS 25 (10.3% of the CDF) involves SGTR sequences, and the end-state of this PDS is the
containment bypass bin. No recovery is possible, and containment failure is irrelevant to this
PDS.

PDS 14 (4.3% of the CDF) involves sequences with a loss of offsite power or loss of emergency
switchgear room cooling. However, tae RCS prersure boundary is not intact at core damage
due to seal LOCA, and system pressure is below the PORV setpoint pressure. Hence, induced
RCS depressurization is assumed not possible. Since alternate sources of power are available,
there is a high probability of in-vessel core coolability. The probability of early containment
failure for this PDS is 0.2% and the probability of no containment failure is very high (~ 99%).

PDS 12 (4.2% of the CDF) involves large LOCA sequences. The conditional probability of
containment failure is very low since recirculation sprays are operating. The only two modes
of containment failure are alpha-mode failure (0.04 %) and basemat melt-through (0.3 %).

In summary, it appears that loss of offsite power sequences and station blackout sequences
(induced by loss of offsite power as an initiator, by flooding, and by loss of emergency room
cooling as an initiator) are the principal contributors to early containment failure. Transients
are the principal contributors to late containment failure. However, the principal mode of
releases is due to steam generator tube ruptures (pre-existing or thermally-induced).

2.3.4 |mpact on Equipment Behavior

‘meimpnclofdnwddunproutuionondnpcﬁommeofmofﬂwequipmuﬁcrm
damage was considered as a part of the CET analyses in the [PE submittal. The submittal has
concentrated on the failure of sprays (and the associated recirculation pumps) in the containment

analyses. Two DETs determine the performance of the recirculation sprays in the early and the
late phase of the accident. The sprays are assumed to fail due to a number of reasons:

1. Containment failure causes spray failure,

- B Excessive debris in the sump plugs the spray headers or fails the spray pumps, and
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3. Environmental conditions inside the containment, and outside the containment (due to
containment failure and blowdown of steam into the safeguards building), causes the
recirculation sprays to fail.

The temperature, pressure and humidity inside the containment and the safeguards building were
assessed by a review of MAAP calculations, and compared with the design information available
for the spray pumps. The submittal assigns split fractions for the failure of the spray pumps
under different severe accident conditions.

However, the submittal does not consider the failure of any other equipment (such as ECCS
recirculation function) under severe accident conditions.

24 WuthMbﬂhydemMMnhmm

2.4.1 Definition of Vulnerability

The submittal attempts to define vulnerability in Section 3.4.2 (page 3-132) of Reference [1].
In this section, it is said that "a concise definition of vulnerability is not given in the
documentation associated with the performance and reporting of the [PE*. Hence, the licensee
attempts to define vulnerability (as pertaining to core damage) as *a failure (component fault or
human error) that is significantly greater than others, i.e., contribute more than 10% to the CDF
ormuubeaﬁcwrofmm;mmmmmtmmsmm'. No such definition is provided
for a vulnerability as pertaining to the back-end analyses. However, in Section 3.4.2.3 of the
submittal, the licensee notes that the containment structure and mitigation systems are robust,
and the containment capacity is large such that the probability of early containment failure is
low. Redundancy and diversity of containment spray systems leads to the fact that the
probabihtyoffailmofcheCHR systems is low. In addition, since North Anna is a sub-

ic containment, the probability ofmmmumwmmmumm. Thus,
ithWﬁmWﬂMmmﬁMvﬂmmbﬂiﬁueﬁﬂfawNmm
plant.

2.4.2 Plant Modifications

mlmmmmwanuMdpthmMmmmofm
results of the subruittal. Complﬂedeﬂilsoftheimpmvmnuanbefmmm&cﬁon&ll
(W&Z)dmmbuﬁnlandmimprovemeMmsummriudinTable&l(pue6.7)oftbe
submittal. To summarize briefly, a number of procedural modifications were deemed necessary,
and they include modiﬁaﬁmnind\emdn;of.uxiﬁaryfeedwwﬂw,pmcadumfor
realignment of quench and recirculation spray headers, revision of procedures to verify SI flow,
revision of testing procedures for the low head safety injection pump, and improvement and
modification of the room chiller repair and testing procedures.

In addition, a number of plant hardware modifications to prevent flooding in the charging pump
cubicle, improvement of the fire barrier between the spray pump house and the auxiliary

North Anna IPE Back-End Review 23 ERIUNRC 95-105



building, and hardware modification in the chiller room, are all planned. All the modifications
(hardware and procedural) are essentially complete.

2.5  Responses to CPl Program Recommendations

Generic Letter 88-20, Supplement Number 1 [9] and Number 3 [10] identfy specific
Containment Performance Improvements (CPIs) to reduce the vulnerability of containments to
severe accident challenges. One of the recommendations of the CPl program pertaining to
PWstithhr;edrywnuinmnnisdmﬂ:euﬁhtyshmﬂdwdumﬂwtﬁreaﬂufor
containment and equipment vulnerabilities to hydrogen combustion (local and global), and point
out any need for procedural and/or hardware improvements. The submittal documentation does
not explicitly discuss the recommendations of the CPI program. However, in response to the
NRC RAls, the licensee addressed the issue of local and global hydrogen combustion, and
associated threats to containment. The licensee stated that hydrogen buildup to sufficient
concentrations that can lead to combustion and failure of the containment was unlikely in most
accident sequences, since a number of ignition sources are available. However, this situation can
nccur in a station blackout sequence with late AC power recovery. The licensee stated that a
very conservative mode! for this sequence led to & calculation of 128 psig for containment load,
which resulted in a containment failure probability of 0.03. The licensee also stated that buildup
of hydrogen concentration to a level that can sustain a detonation was not possible in the North
Anna containment

2.6 IPE Insights, Improvements, and Commitments

mlicenuehuobnimdwmimighubandonmeumwsofwddemmon.
containment response, and radionuclide release [1,11]. The following are the unique safety
features (that the licensee has identified) as important to the containment performance:

. The high containment capacity leads to the calculation of lower probabilities of early
containment failure (due to hydrogen burn, direct containment heating, etc.)

o mopcraﬁonofUanuimmnmmeprummuinmwcuhﬁm
of a low probability of containment isolation failure.

. mmdumncymddivcrﬁtyofmcimuhﬁonmysymmcomidenblymdmﬂw
pmbubihtyofﬂwflﬂmofﬂ\eCHRsymm.mdmdwesmeprobabiﬁtyofme
overpressure failure of the containment. In addition, the operation of sprays also reduces
fission product releases.

. The piping arrangement in the auxiliary building is such that most of the V-sequences
will lead to reieases under water.
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® The design of the cavity and the instrument tunnel is unfavorable to the dispersion of
debris to the lower containment. The same design also does not permit water into the
cavity unless the sprays function.

The licensee has also concluded from the submittal that a significant fraction of recovered
sequences involve the maintenance of the core in an undamaged state by using the SI systems
in the recirculation mode, but without an operable means of CHR. The SI pumps are qualified
for pumping water at temperatures in excess of 300°F. If the pumps were not capable of
functioning at these temperatures, then core damage and containment failure will occur in rapid
succession for these sequences. In addition, the CDF will increase by approximately 10 per
reactor year.

As a re.siit of the overall strength of the containment, the dominant pathways for release to the
environment are the SGTR and the ISLOCA sequences. The frequency and magnitude of
nhmmhuﬁmwsmmmmmwdommﬂwwmmm. The SGTR
sequences involve failure of the operator to cool down and depressurize the RCS early in the
accident. For such sequences, there is a potential for the steam generator PORY to stick open
due to steam generator overfill. Thus, the licensee concludes that the most significant insight
from the back-end analyses is the importance of regulating the level in the steam generators.
The licensee also stated that [11] 'theimpommeofd\ewemﬂobubeenmnsmimdmme
North Anna training department for use in developing training scenarios”. The licensee also
noted that replacement of steam generators in the North Anna plant is near completion, and that
the reliability of the new steam generators is expected to be good [11].

The licensee has commitied to a number of plant improvements based on the review of the
results of the submittal. Complete details of the improvements can be found in Section 6.1.2
(page 6-2) of the submittal and the improvements are summarized in Table 6-1 (page 6.7) of the
submittal. A number of plant and procedural modifications were made, and these are discussed
in Section 2.4.2 of this TER.
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3. OVERALL EVALUATION AND CONCLUSIONS

The back-end portion of the North Anna IPE submittal provides a substantial amount of
information in regard to the subject areas identified in Generic Letter 88-20 and NUREG-1335.
The submittal appears to be complete and to provide the level of detail requested in NUREG-
1335. The approach and methodology are described clearly in the submuttal, and rely
extensively on the NUREG-1150 analyses for the Surry plant. The submittal uses a large event
tree methodology to perform the probabilistic segment of the back-end analyses, and makes use
ofﬁ\enmlnfromtheMAAPmnlymformeSurryphm?osupponmeCEl‘amlym.
Extensive use is made of the NUREG-1150 analyses performed for the Surry plant for the
quantification of the split fractions for the CET.

The important points of the technical evaluation of the North Anna IPE back-end analyses are
summarized below:

. mnsuluforu\eCDFmafactoroftwomgermmrepomdinNURBG-llso
for the Surry plant. The differences are attributed to the identification of an additional
initiating event (loss of switchgear room cooling) as an important contributor at North
Anna. and differences in assumed success criteria for small break LOCAs and SGTRs.

® The Back-End portion of the IPE supplies a substantial amount of information with
regards to the subject areas identified in Generic Letter 88-20. The North Anna IPE
provides an evaluation of all phenomena of importance to severe accident progression in
accordance with Appendix I of the Generic Letter.

. Phenomena that lead to early containment failure (i.c., DCH, steam explosions) have
been treated in a manner very similer to NUREG-1150. However, the calculated
conditional probability of early containment failure is slightly larger for the North Anna
[PE submittal. The differences can be attributed to two reasons. The first reason is that
therelnivelyhr;ercorenndRCSintheNonhAnmphmina:imih:conmmm(n
Surry) leads to the calculation of a higher conditional probability of early containment
failure. maeoondmsonismecomidenﬁonofmelouofemerzencymmoooﬁns.
bothnaninitinor.ar\duawpponsymmindnﬁont-em;mlymfwmm.
Loss of switchgear room cooling jeads to station blackout since the emergency buses are
lost. The increased contribution of station blackout sequences lead to a slightly increased
conditional probability of early containment failure.

. The submittal reports a conditional probability of about 10% for late containment
overpressure failure, and a probability of about 1% for basemat melt-through. Once
again, these values are larger than those obtained from the Surry NUREG-1150 analyses,
andtheyareamibundtomeconﬁdcnﬁonofd\elouofenmemyroomcooling.both
as an initiator, and as a support system in the front-end analysis for North Anna.
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. The radiological releases for the North Anna plant are dominated by steam generator tube
rupture sequences. The release frequency of the SGTR sequennces is 7.9 x 10* per
reactor year (11.6% of the CDF). It is noted that the release frequency of the SGTR
sequences is significant, and the magnitude of the associated releases are large.

. The licensee has add:essed the recommendations of the CPI program.
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APPENDIX A

IPE EVALUATION AND DATA SUMMARY SHEET

EWR Back-End Facts
Plant Name
North Anna
Containment Type
Large, dry containment operating at sub-atmospheric pressure
Unique Containment Features
Operation of containment at sub-atmospheric pressure
Multiple, redundant sprays
Unique Vessel Features
None found
Number of Plant Dameage States
25
Contsinment Failure Pressure
Dry 128 psig (mean)
Additional Radionuctide Transport and Retention Structures
Auxiliary building structures have not been credited.
Conditional Probability That The Containment Is Not Isolated
0.0022

North Anna IPE Back-End Review 30

ERUNRC 95-105



Important Insights Including Unique Safety Features
Operation of containment at sub-atmospheric pressure
Multiple, redundant recirculation sprays

Auxiliary buiiding design that leads to radionuclide release under water for interfacing systems
LOCAs

Cavity design that is unfavorable to the dispersion of debris form the cavity to the containment
Implemented Plant improvements

No containment-related improvements were found necessary
C-Matrix

Definition of 25 PDSs and 24 STCs makes the display of the results in the form of the C-

matrix very cumbersome. The results are provided in Appendix F, Figures F.4-1 through
F.4-24 of the submittal.
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