NUREG/CR-4999
BNL-NUREG-52101

Estimation of Risk Reduction
From Improved PORV Reliability
in PWRs

Final Report

Prepared by C.J. Hsu, K. Perkins, R, Youngblood

Brookhaven National Laboratory

Prepared for
U.S. Nuclear Regulatory
Commission



NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, ot assumes any legal lability of re
sponsibility for any thud party's use, or the results of such use, of any information, apparatus,
product or process disclosed 1n this report, or represents that its use .y such third party would
not infringe privately owned rights.

NOTICE ﬁ‘

Availability of Reference Materials Cited in NRC Pub'ications
Most documents cited in NRC publications will be availabie from one of the following sources

1 te NRC Public Document Room, 1717 H Street. N W
Washington, DC 20555

2 The Superintendent of Documents, U S. Government Primting Office, Post Otfice Box 37082,
Washington, DC 20013.7082

3 The National Technical Information Service, Springtield VA 22161

Although the listirc that follows represents the majority of documents cited in NRC publications
it 15 Nt intended to be exhaustive

Refere vced documents available for inspection ana coy. ying for a fee from the NRC Public Docu
ment Fom include NRC correspondence and internal NRC memoranda, NRC Otfice of Inspection
and E1 'urcement bulleting, circulars, information notices, INSPECTiOn and INvestigation Notices.
Licensee Event Reports vendor reports and correspondence. Commissior apers and applicant and
licensee documents and correspondence

The following documents in the NUREG series are available for purchase from the GPO Sales
Program . formal NRC statf and contractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures Also available are Regulatory Guides. NRC reguiations in the Code of
Federal Regulations, and Nuciear Regulatory Commission Issuances

Documents available from the National Technical Information Service include NUREG series
reports and technical reports prepared by other federa! agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission

Documents available from public and special technicai libracies include all open literature items
such as books, journal and periodical articles, and transactions. Federa/ Re,ster notices feders: and
state legslation, and congressional reports can usually be obtained from these libraries

Docuinents such as theses, dissertations, foreign reports nd translations, and non NRC conterence
proceedings are available for purchase from the urganization sponsoring the publication cited

Single copies of NRC dratt reports are available free, to the extent of supply, upen written
request to the Division of Information Support Services, Cistribution Section, U.S. Nuclear
Regulatory Commission, Washington, DC 20865,

Copies of industry codes an ' standards used in & substantive manner in the NRC regulatory process
are maintained at the NRC Liwvary, 7920 Norfolk Avenue, Bethesds Maryland. and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the originating organizatior or, if they are American National Standards, from the
American National Standards Institute 1430 Broadway, New York, NY 10018




NUREG/CR-4999
BNL-NURCZG-62101

Estimation of Risk Reduction
From Improved PORV Reliability
in PWRs

Final Report

Manuscript Completed: December 1987
Date Published: March 1988

Prepared by
C.J. Hsu, K. Perking, R. Youngblood

Brookhaven National Laboratory
Department of Nuclear Energy
Upton, New York 11873

Prepared for

Division of Reactor Accident £.nalysis
Office of Nuclear Regulatory Ressarch
U.S. Nuclear Regulatory Commission

Washington, DC 20655

NRC FIN A3807



=114~

ABSTRACT

An analysis was performed to explore the risk reduction potential o, im-
proving the pressurizer PORV and block valve reliablifty for two representa~-
tive PWR plants, Indian Point 3, and Oconee 3, Attention was focused upon
particular :ransient scenarios {ncluding steam generator tube rupture (SGTR),
a stuck=-open PORV, cooldown to cold shutdown, and the use of PORV {n low=
temperature overpressurization (LTOP) protection, The feasibility of using
the PORV as a high point vent to supplement the function of Reactor Vessel
Head Vent System (RVHVS) was alsc studied,

The pertinent event trees, fault trees, and the basic data presented in
the Indian Point Probabilistic Safety Study (IPPSS) and cthe Oconer PRA were
utilized to quantify the benefir of an improved PORV and dlock vilve reliabdbil-
ity in terms of potential reduction in core-melt frequencies., For Indian
Point 3, independent core-melt frequency calculations were made based on the
Boolean expressions derived for various plant damage states, For Oconee 3,
the components of the dominant cut sets and the detailed fault trees shown in
the Oconee PRA were given thorough scrutiny to determine their relevance to
the hardware or operational failures of the PORV and its block valve,

With the exception of LTUP, the core-melt frequencies attributable to
PORV or block valve failures were found to be relatively insignificant, only a
very small fraction of the tota! core-melt frequency due to internal events.

For the case of LTOP, the core melt frequency and associated risk appear
to be small for Indian Point 3 and Oconee 3 since the vessels have not had a
substantial fraction of their estimated lifetime irradiation., The results of
a conservative estimation of health effect, however, indicate that the public
risk from LTOP events may become more significant late in plant life when the
aging eff:cts of the vessel contribute to increased vulneradbility, These ef~-
fecls are being studied in more depth in the NRC's studies for Generic Issue
Number 94,
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ix
EXECUTIVE SUMMARY

A brief summary of the principal results and the conclusions obtained
from this study {s outlined in the following.

(1) For the events involving a steam generator tube rupture (SGTR), a
stuck-open PORV, and use of PORV for cooldown to cold shut-down, the structure
and logic of the relevant event trees and fault trees presented in both the
Indian Point Probabilistic Safety Study (IPPSS) and the Oconee Probabilistic
Risk Assessment (PRA) were scrutinized closely and found to be generall- con-
sistent with the block- diagrams developed and furnished by the NRC staff for
depicting the scenarios of these transients., These event trees and fault
trees were considered adequate for use as the basis for estimating the reduc~-
tion in the core-meit frequencies achievable by improving the reliability of
both PORVs and the associated block valves for these particular transient se-
quences.,

(2) To conform to the distinct PRA methodologies employed respectively in
the IPPSS and the Oconee PRA, the following different approaches were taken to
assess the benefit of improving the PORV reliability,

(a) For Indian Point 3, Boolean expressions useful for computing the
core-melt frequencies corresponding to different plant damage states were
first derived based on each of the transient initiating event-trees presented
in the IPPSS. 1Independent calculations of the core-melt frequencies for the
particular transient sequences were then made by using these Boolean expres~
sions together with the event-tree top events branch-po!at spl.t fraction data
shown in the IPPSS for the eight different electric power states. To quantify
the potential benefit of improving the ['ORV reliadility, those event-tree top
events pertinent to the operations of PORVs and the associated block valves
were examined in detail, by constructing fault trees if necessary, to deter-
@ine how much reduction in the unavailabilities of these top events can de ob~
tained by improvi g the reliability of PORV and the block valves. The newly
estima.-d unavailability data for those top events were then substituted into
the Boolean expressions (or recalculating the core-melt frequencies resulting
from the improved PORV and block velve reliability,

(b) For Oconee 3, it was considered unnecessary to carry out inde-
pendent calculations of the core-melt frequencies by using computer codes such
as the SETS code. Instead, the dominant minimal cut sets listed in the Oconee
PRA for different core-melt bins were given close scrutiny by reference to the
elaborate fault trees presented in the same report to explore whether they
corntain any fault-tree primary (or basic) event relevant to the operations of
the PORV and {ts block valve. If any dominant minimal cut set was found to
comprise such primary events, the failure probabilities assigned to those pri-
mary events were adjusted to reflect the improvement in the reliability of the
PORV and the block valve and the core-melt frequency associated with the min-
imal cut set was vecalculated, 1In this manner, the reduction in core-melt
frequency due to improved PORV and block valve reliability could be quanti~-
fied.

(3) The core-melt frequency resulting from a SCTR inftiating event was
calculated to bde 1.6x10~%/reactor year for Indian Point 3, It was revealed
that the probability assigned to the event-tree top event OP=41, whi:h bears a



close relationship with the use of PORV in controlling the break flow, con=
sists almost entirely of the probability of operator errors in recognizing the
situation and taking appropriate actions. The contribution to the probability
of event OP-4| due to hardware fallures of PORVs, block valves, and pres-
surizer spray is minimal.

1f the reliabilities of PORVs and the block valves were lmproved to such
an extent that no hardware failure of these valves would occur, the SGTR core~
melt frequency could be reduced by roughly 6.,9x107 8/reactor year. In addi-
tiva, {f operator's errors in controlling the break flow and depressurizing
the RCS were eliminated entirely, the core-melt frequency could further be re-
duced by a total of 9.4x10"7/reactor year. These represent reductions of 4.3%
and 58% respectively of the total predicted SGTR core-melt frequency,

For Oconee 3, the components of the sixteen dominant minimal cut scts
listed in the Oconee PRA fur SGTR core-melt sequences were carefully examined
and found to contain ncne of the primary events designating operational fail-
ures of PORV and its block valve. The core-melt frequencies of these sixteen
dominant cut sets add up to 2.4 x 107 §/reactor year, There are additional
core-melt "equency contributions from all other non-dominant cut sets amount=-
ing to 2.7110 7/ reactor year, thus making the total SGTR core-melt frequency
2,7%10"%/reactor year. The logic of the bin-level fault tree ruggests that
any cutset which might comprise primary events related to the operation of
PORV and the block valve can only appear as a non-dominant cut set. According
to a conservative eltilate based on the results of an independent calculation
performed at BNL," no more than half of _1' .he non-dominant cut sets actually
contain primary events related to the operation of PORV. A rough estimate
shows that the magnitude of core-melt frequency reduction achievable by im-
proving the PORV reliability is no larger than 1.4x10"7/reactor year, about 5%
of the total SGTR core-melt frequency.

Although the BNL calculation yielded one dominant cut set comprising a
PORV~related primary event, it actually represents an operator error that can
not be rectified by improving the PORV reliability.

(4) A stuck-open PORV is treated in the IPPSS as a small-LOCA initiating
event, In this study, the total \ore-.clt frequency for the small-LOCA initi-
ating events was calculated to be 8.6x10"%/reactor year, based on the initiat~-
ing frequency of 0.0201 per reactor year, which inc!ides all the small=LOCA
initiating events such as a small pipe break, a stuck-open PORV or safety
valve, etc. 1If the frequency of a stuck-open PORV can be specified ~xactly,
its core-melt frequency can be calculated proportionally. By a fault-tree
analysis, the probability that the PORV path will fail to close after automat-
ic or manual openings was found to be roughly 1.6x10"". Based on the assump-
tion that the PORV challenge frequency is 0.3 challen;o,reactor year, the fre-
quency of a stuck-open PORV then becomes 4,8x10" /yoar. The core-melt fre-
quency due to a stuck-open PORV can thus be calculated as 8.6x10"% x
(4.8x107%/0,0201) = 2,0x10""/reactor year, It i{s apparent that {f thc PORV
reliability can be i{mproved to such an extent that no PORV will stick open,
this core-melt frequency can be eliminated.

Depending upon whether it is self-initiated or induced by a transient, a
stuck~open PORV is treated in the Oconee PRA by means of a small-LOCA event
tree or a combination of the event-trees for the small-LOCA and transient
initiating events, The dominant minimal cut sets listed under these cate-
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gories were, therefore, thoroughly inspected and the following findings were
made.

(a) Of all the dominant cut sets scrutinized under these cate~-
gories, only four dominant cut sets were found to contain a primary event di-
rectly connected to the operation of a PORV and its block valve., These cut
sets represent an event tree scquence type that involves challenging of the
safety relief valve (SRV) caused by actuation of high pressure injection (HPI1)
due to overcooling or a spurious actuation signal. Common to all of these
four cut sets {s the inclusion of a primary event representing the closure of
the PORV block valve prior to the demand, i.e., operating with the block valve
cloced. The core melt frequency of these four dominant cut sets totals
1.3x10"7/reactor year, which can be essentially eliminated {f the PORV relia-
bility {s {mproved so that there is no need to prevent PORV leakage by closing
the block valve.

(b) There are several types of event-tree sequences (with more than
70 dominant «ut sets) that can be classified as transient-induced small=LOCAs
leading to a stuck-open SRV discharging liquid. A majority of these sequences
involve failure of the feedwater system. A close inspection of the components
of all of the dominant cut-sets belonging to these sequences revealed that
none of them contain primary events related to failures of the PORV, laprov=
ing the PORV reliabllity, therefore, has little effect in preventing this type
of a small LOCA, Any cut set which might contain a PORV-related primary event
can only appear within a sroup of non-dominant cut s:ts having a total core
melt frequency of 6.8x107%/reactor year., This value can thus be considered as
the upper bdound for the magnitude of core-melt frequency reduction attainable
by improving the PORV veliability for these sequences,

(¢) There are three types of small-LOCA event-tree sequences (witn
about 22 dominant cut sets) that are not transient-induced, but correspond to
a small pipe break or an inadvertent opening of a PORV. Based on the initia~
ting frequency of 0.003/reactor year, the coro-nelt frequencies resulting from
these sequences were found to add up to 6.,1x10” /reactor year, If the fre~
quency of an inadvertent ofen.ng of a PORV is known, the associated core-melt
frequency can b coaputed proportionally. For instance, if its frequency is
taken to be 6x10™%/reactor year, then the coro-clt frequency due to an in=
advertent opening of a PORV becomes 1.2x10~7/reactor year, If the reliability
of PORV can be enhanced so that no PORV will open inadvertently, the core-melt
frequencies belonging to this category can be eliminated.

(d) Among the transient-induced small-LOCA event-tree sequences,
the sequence-type G in Bin 1 and sequence~type F in Rin 11 (each with 3 domi-
nant cut sets) involve a stuck-vpen SRV discharging steam, The initiator of
these core-melt svquences is a spurious low pressurizer-pressure signal which
results in the actuation of pressurizer heaters and the blocking of PORV from
opening. The SRV is challenged mainly because of the unavailability of ' ae
PORV, which, in this case, is caused by a control action taken in response to
the low pressurizer-pressure signal., Consequently, unless the control logic
is changed, the core-melt frequencies associated with these sequences can not
be reduced by improving the reliability of the PORV.,

To sum up, if the PORV and its block valve can be made perfectly reli-
able, thc core melt frequency (CMF) due to a stuck-upen PORV (roughly
3.3x10=7/ry for Oconee 1) can be eliminated. In the Ocones PRA, the CMF due
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to all small LOCA events (including small RCS pipe break, reactor coolant pump
seal failure, control rod drive seal leakage, letdown exceeding charging, and
inadvertent opening of the PORV or safety valves etc.) was estimated to be
7.6x10‘°/ry. A stuck=-open PORV, thus, accounts for roughly 4.2% of the CMF
due to all small-LOCA events.

(5) For attainment of cold or hot shutdown conditions following a reac-
tor trip caused by transient-initiated events, a careful inspection of the
logic of event-trees and fault-treec presented in the 1PPSS and the Oconee PRA
for the various transient initiated events revealed that the PORV is primarily
used {n conjunction with the HPI system for the HPI cooling (feed and bleed)
in case of a failure of core-heat removal by the steam generators. In such a
case, core uncovery can be prevented if long-term heat removal can be main-
tained by recirculation cooling.

For Indian Point 3, generalized Boolean expressions describing the core~-
melt frequencies corresponding to eight different plant damage states were
derived based on the nine event trees presented in the IPPSS for transient
initiating events, These expressions were used to compute the core melt fre-
quencies resulting from the eleven types of transients considered in the
IPPSS, and the results are tabulated in Table &, For most of these tran-
slents, it was found possible to reduce their core-melt frequencies by about
40% through improving the reliability of the PORVs and the associated block
valves,

For Oconee 3, all the ten types of Bin III event=-tree sequences (with
more than 50 dominant cut sets) that involve use of the HPI cooling were found
to be of type TBU, {.e., failures of bath steam generator cooling and HPI
cooling. For the majority of these sequences, the leading cause for the fail=-
ure of HPI cooling is an operator's failure to make a decision to initiate the
HPI cooling. The total core-melt frequency {or these sequences was found to
be approximately 2,7x10"%/reactor year. lmproving the reliability of the PORV
and its block valve can only reduce this core-melt frequency by about 9x10~8/
reactor year. Unlike Indian Polnt 3, the HPI cooliig can be achiev' . in
Oconee 3 not only by using the PORV, but alternatively oy using the two safety
valves 1f the PORV fails to open. This is the main reason why improving the
reliability of PORV in Oconee 3 has a relatively small benefit in reducing the
core-melt frequencies resulting from HPI cooling fallure,

(6) 1In connection with the utilization of PORVs for the protection of
the reactor vessel from low temperature overpressurization, the core-melt fre-
quencies due to low temperature overpressurization events were conservatively
estimated to be 4.8x107°/reactor year for Oconee 3 and 2.6x10™ % reactor year
for Indian Point 3, based on an initiating frequency of 0.13 events/reactor
year, zheno core-melt frequencies can be lowered by l.BxlO"/reactor year and
6.8x107"/reactor year respectively if the PORVs and the assoclated block
valves can be mide to operate on demand without flaw. Based on these calcu-
lated core melt frequencies, tte offsite radiological consequences for a low
temperature overpressurization event were determined using the CRAC-2 code;“
the total estimated risks are summarized in Table 10,

It should be remarked, however, that some preliminary information ob~
tained from recent Generic lssue 94 studies suggests that the BNL sutdy {J
overly conservative in {mplicitly assuming that all the LTOP events result in
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pressure high enough to threaten the integrity of the reactor vessel. The
most recent operating experience, gained since LTOP protections measures have
been implemented, indicates that, given a LTOP event, there is only about 10%
chance that the vessel pressure will reach such a critical condition, The
aforesaid conservatism, however, tends to be offset by the vessel rupture
probability data used in the BNL study, which were found to be nonconservative
also based on recent preliminary GI-94 studies.

It can thus be concluded that, due to the complexity of the problem and
the many uncertainties involved, these results can only be considered as rough
estimates based on several assumptions which remain to be justified.

(7) For the possible use of PORV as a high point vent to supplement t.e
function of the Reactor Vessel Head Vent System (RVHVS), the unavailabilit, of
RVHVS was first estimated to be roughly ax10™", by constructing fault tre:s
based on the schematic diagram of RVHVS shown in Millstone Nuclear Power Sta=-
tion Unit 3 FSAR (Figure 5.4-17)., The probability of failure to vent ne: on-
dcngable gases using either the RVHVS or the PORV was found to be less than
1077,

These fault trees, however, were found to be incompatible with those pre-
sented in the Oconee PRA or the IPPSS due to discrepancy in the timing of rel-
evant events., It was, therefore, concluded that, although the RVHVS may be
effective in mitigating the consequence of core melt at its early stage, we
were unable to determine its {mpact on the rore melt frequency bv the use of
the currently available PRA information,

In summary, with the exception of low temperature overpressurization
(LTOP) events, the risk contribution from PORV or block valve failures is
judged to be insignificant., The greatest potential reduction in core damage
frequency was calculated for Oconee 3 where it was estimated that the total
core damage frequency (due to internal events) could be reduced by about 3% if
the PORV and the associated block valve could be improved to operate effec~
tively 100% of the time during postulated LTOP events.

Public health consequences were also calculated for LTOP since for this
event there is the possibility for a relatively significant release of fission
products directly to the environment, The results of a conservaiive estima-
tion of health effects indicate that the public risk from LTOP events is very
small until late in plant life when the aging effects of the vessel contribute
to increased vulnerability., These effects are being studied in more depth in
the NRC's studies for Generic Issue Number 94.



l« TINTRODUCTION

l«1 Scope of this Report

This report presents results of a study conducted by BNL for the Nuclear
Regulatory Commission staff, The study has been conducted in support of the
resolution of Generic lssue CI-70, to provide input to NRC's decision whether
{mprovements are required to increase the reliability of pressurizer power op~
erated relief valves and their associated block valves.

The information presented here illustrates how particular severe accident
sequence frequencies could be reduced by improving PORV reliability., In part,
this information has been gleaned by carefully examining the Probabilistic
Risk Assessments (PRAs) for two plants, Indian Point 3 and Oconee 3.

Indian Point 3 i{s a Westinghouse plant with two PORVs; Oconee 3 is a
Babcock and Wilcox plant with a single PORV., These two plants therefore span
a useful range of design characteristics, and the availability of PRAs for
them ensures a useful starting point,

The scenarios involving PORVs which are studied here are the following:
Steam generator tube ruptures (SGTR), stuck-open PORV, use of the PORV in
re:aching cold shutdown conditions, and a fzilure of low-teaperature overpres-
surization (LTOP) protection, The practicality of using the PORV as a high
point vent is also studied., Not studied here are ATWS sequences (Anticipated
Transient Without Scram). This omission does not reflect on the importance of
this issue; rather, B¥L was directed by NRC staff ot te pursue ir, 28 {t is
being studied under other auspices. The subject of HPI cooling (feed and
bleed) was briefly examined because this mode of cooling was found to be es-
sential in reaching cold shutdown condicions if core heal removal by the steam
generators fails.,

For each family of scenarios studied, an estimate of the contribution to
core damage frequency involving PORV failure is presented; this contribution
would vanish for perfect PORVs, and accordingly represents an es.imate of
"benefits" to be gained by substantial lmprovements in PORY reliability,
Because PORVs will never be "perfect," these estimatcs may overstate the Lene-
fits to be gained from PORV improvements; note, however, that they arc based
on truncated PRA results, and it is formally possible that residual contribu=
tions to core damage frequency have been missed. However, care has been taken
to understand the plant models, and the results are believed to overstate the
benefits as implied above, owing to the unattainability of perfection in PORV
operation,

142 Summary of Findings

The core-melt frequencies attributable to failures of PORVs and the block
valves are summarized in the following Tables A and B for Indian Point 3 and
Oconee 3 respectively, The values shown in these tables represent the magni-
tude of core-melt frequency reduction attainable by improving the reliability
of both PORV and the block valve. The corresponding percentage reductions in
the total core melt frequencies for various accident scenario types are shown
in Table C.
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Since the low-temperature overpressurization (LTOP) event has the poten=
tial for contributing the greatest amount to plant risk from PO”V failures,

public health consequences were estimated for LTOP and are reported in Table
D.

In susmary, with the exception of LTOP, the risk contribution from PORV
or block valve failures is judged to be insignificant, The greatest potential
reduction in core damage frequency was calculated for Oconee 3 where it was
estimated that the total core damage frequency (due to internal events) could
be reduced dy about 3% if PORV and the associated block valve could be im=
proved to operate effectively 100% of the time during postulated LTOP events.

One of the major uncertainties in the above estimations of core damage
frequency {s the assumed PORV and block valve failure rate. For this study,
these values were taken from the individual plant PRAs and these values were:

PORV Failure PORV Failure Block Valve
Plant to Open to Close Failure to Open
Indian Point 3 5x10™" 5x10"" Sauuud) i.51x10"3
Oconee 3 4,9x10"° ie1x10" 6.0x10~3

The use of the large reported range of valve failure rates indicated in
the table lead to a similarly broad range of estimated potential reductions in
core damage frequency., It is believed that the use of the Oconee 2 failure
rates results in estimates of potential benefits to be gained through PORV
improvements for PWRs, in general that are somewhat conservative (optimis~
tic). Note, however, that one other major reason why the potential benefit
that can be gained through PORV improvements was estimated to be larger for
Oconee 3 in this study is that Oconee 3 has only one PORV, as opposed to two
PORVs possessed by Indian Point 3,

In addition to potential red -tions in core damage frequency brought
about by improved PORV performance, potential reductions in public health con-
sequences were also evaluated. LTOP has the potential for combining worst
case conditions for health consequences - mainly due to the possibility that
the containment may be open for refueling or testing/maintenance, etc, thus
leading to a direct release of fission products to the environment from a
failed reactor vessel., It was conservatively estimated in this study that for
the Oconee plant at vessel present conditions, the public risk frum LTOP would
be about 1.2 person-rem per reactor year. Accounting for increased vessel
vulnerability as the vessel ages, it was estimated that the Oconee public risk
from LTOP would increase to a value of about 40 person-rem per year at the end
of life of the plant ‘and vessel)., These values of public risk were derived
by combining the estimated health consequence values with the previously cal~-
culated values of core damage frequency.
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Table A
Indian Point 3

Core-Melt Frequencies Attributable to PORV and Block Valve Failures

(Per Reactor Year)

Plant Low Temp#®#

Damage Stuck=Opent* Cooldown to Overpress.,

State SGTR PORV Cold Shutdown Protection Total
V2El 1. x10-12 1. x10-12
V2E2  2.2¢10"%? 2.2x10" 13
V2L 6.9x10"% 6.9x10"8
SLFC 1.93x10"7 1.93x10"7
SLF 7.0x10" 12 7.0x10" 12
SLC 1.7x10" 12 1.7x10" 12
sL 1.2x10" 18 1.2x10" 16
SEFC 6.6x10"*? 6.6x10"%
SEF loéx10=12 Lobx10~ 12
SEC 3.6x107 10 3.6x10" 10
SE 2.4x10 1} 2.4x10" 1!
TEFC 8.5x19"7 8.5x10~7
TEF 3. 1x10" 11 3.1x10" 1
AE 6.8x10"*? 6.8x10"?
Total 6.9x10~® 2.0x10°7 8.5x10""7 6.8x10"? 1. 1x10"¢

*Based on PORV challenge frequency of 0.
*#*Based on initiating frequency of 0,13 e

= Early
Late
Small LOCA

E
L
S
T = Transient
F
€
v
Y

Large LOCA

Fan cooler operating
Containment spray operating
Interfacing system LOCA

3 challenge/reactor year,
vents/reactor year.

V2El (early melt)
V2E2 (early melt)
VIL (late melt)
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Table B
Oconee 3
Core-Melt Frequencies Attributable to PORV and Block Valve Failures
(Per Reac*,r Year) ‘

Low Temp#*#
Core~Melt Stuck=Opent* Cooldown to Overpress.

Bin SGTR PORV Cold Shutdown Protection Total
Bin IIR  1.4x10"7 1.6x10°7
Bin I 1.5x10"7 1.8x10"® 2.0x10"®
Bin 11 1.8x10"7 1.8x10~7
Bin 111 9.x10~¢8 9. x10~8
Total 1.4x10°7  3.3x10°7 9.x10-8 1.8x10~8 2,4x10~8

*For a small-LOCA due tro inadvertent opening of PORV, the initiating
frequen.y was taken to be 6.x10" %/ reactor year.,
**Based on initiating frequency of 0.13 events/reactor year,

Bin I = RCS pressure and leakage -ates associated with small-break LOCAs,

with early core melt ({.,e., within about 2 hours after the break
occurs),

Bin I1 = RCS pressure and leakage rates associated with small-break LOCA= ,
with late core melt (after about 12 hours from the time of break).

Bin II1 = High RCS pressure and leukage rates associated with boiloff of the
reactor coolant through cycling pressurizer relief valves, with
early core melt (within about 2 hours).

\
|
Bin IV = High RCS pressure and leakage rates associated with boiloff of the |
reactor coolant through cycling relief valves, with late core melt. ‘

\

\

|

\

Bin IIR = The SGTR core-melt sequences were kept separate from others to
permit the consideration of any unique effects related to the
consequence analysis,




Table C
Percentage Reduction in Total Core Melt Frequency
Achievable by Improving the Reliadility of PORVs

and Block Valves

Indian Point 3 Oconee 3

Before After Before After

PORV PORV ACMF/CMF  PORV PORV ACMF/CMF
Accident Scenario lmprove- Improve- (% Reduc~- Ilmprove- Ilmprove= (% Reduc~-

Grouping ment ment &CMF tion) ment ment ACMF tion)

Steam Generator
Tube Rupture 1.63E-6 1.56E-6 6.9E~8 05 2.7E=6 2.56E-6 1.4E=7 o3
Stuck Open PORV 8,56E-5% B8,54E~5* 2E-? o15 T.6E~6%  7,27E-6* 3,3E-) o6
Cooldown to
Cold Shutdown 7.93E~6 7.0BE~6 8,5E-7 65 2,65E=5  2,64E-5 9E-8 o2
Low Temperature
Overpressurization
Protection 2.6E~6 2,6E=6 6.8E-9 .005% 4.8E-6 3.,0E~6 1.8E-6 3.3

Notes: 7E-8 = 7x10~%
*The IPPSS or the Oconee PRA does not specifically estimate the CMF due to a stuck-open
PORV. The numbers shown here represent the CMF due to all small LOCAs.
4CMF = Estimated reduction in core melt frequency (CMF) poussible for various accident
scenario types if PORVs and block valves could be improved to operate perfectly,
CMF = Estimates of total core melt frequeucy due to internal events taken from plant PRAs
(1.3E«4 for Indian Point 3, S5.4E-5 for Oconee 3).

Table D
Plant Risk Values Attributable to PORV
and Block Value Failures

(Per Reactor Year)

Vessel Age

Oconee 3

Indian Point 3

Present condition

End-of~-11ife

1.2 person-rem

40 person-rem

0.2 person-rem

21 person-rem
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2. CORE DAMAGE SCENARIOS ANT ESTIMATION OF THE BENEFITS OF AN IMPROVED PORV
AND BLOCK VALVE RELIABILITY

2.1 Steam Generator Tube Rupture

2.1.1 General Characteristics of SGTR Scenarios for Indian Point 3

The steam generator tube rupture (SGTR) model developed in the IPPSS (In=-
dian Point Probabilistic Safety Study) has undergone a revision® to provide
more elaborate and accurate delineations of these scenarios. A notable change
includes the addition of an event tree top event, SL, no secondary-side leak-
age to atmosphere, to the SGTR event tree and the development of a separate
event tree for this top event., Presentation of the quantitative results of
PRA in the IPPSS differs considerably from that in the Oconee PRA. Instead of
presenting detailed fault trees for supporting the logic of each of the event
tree top events, the probabilities of each of the top events are quantified
and tabulated according to the eight electric power states which are Indian
Point 3 plant specifics.

One major differeace between a SGTR and an ordinary small break LOCA is
that the reactor coolant {s leaked to the secondary side of steam generator
which provides several potential paths for the release of radiocactivity to the
outside of containment, via the main steam-line, turbine, condenser, condenser
exhaust, the SC safety and atmospheric relief valves and the SC blowdown=line
etc, Moreover, since the water will be lost to the outside of containment, it
can not be used for recirculation cooling,

If the operatur can identify and isolate the faulty steam generator, and
if the RCS can be depressurized to below the SC safety valve set point, the
leakage flow can be effectively stopped. The success of these operations,
however, relies heavily on the operator's realizing the situation and taking
correct actions,

As will be discussed in greater detail later, the PORV {s of important
use in connection with controlling the break flow following the initiation of
the SGTR event, Usually, the operator will have at least 15 minutes to more
than one hour to control the break flow to avoid challenging of a SG safety
valve, He then will have many hours (8-24 hours) to secure the leak, depres~
surize, and cooldown the RCS.

The fault trees for both the SGTR and the event tree top event, SL, pre-
sented in the IPPSS are shown in Figures | and 2 respectively. Although the
SGTR analysis performed in the IPPSS applies to a sirgle, double-ended rup-
ture, it {¢ claimed to bound the case of multiple tube ruptures, The SCTR
event tree uses the following symbols to designate the event tree top events.

ET-4 Steam Generator Tube Rupture Inftiating Event

S Reactor Trip aud Safety Injection Signals
K-2 Reactor Trip

HH-% High Head Injection

L-3 AFWS Actuation und Secondary Cooling

OP=4 Operator Controls Break Flow

CF Fan Coolers

CSs Containment Spray
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forced convection or natural circulation conditions,? % These events, ac-
tuation of AFWS and secondary cooling, are represented by the top-event L-3 in
the SGTR event tree.

Once the faulty SG is identified, it i{s manually isolated (isolate MSIV
and its bypass, blowdown, and the steam-line to the turbine-driven AFW puap)
to allow termination of break flow and to minimize release of radioactivity.
Isolation of auxiliary feedwater flow will help reduce the chance of flooding
the steam-line. Operator's action is then initiated to reduce RCS temperature
to S0°F below the saturation temperature corresponding to the ruptured SG
pressure by means of steam dump from the intact SGs to the condenser utilizing
the steam dump system or the atmospheric relief valve., This is to prevent
voiding of RCS when it is depressurized to the pressure of ruptured SG.

To terminate the break flow, RCS {s then depressurized to the pressure of
ruptured SG by using the normal pressurizér spray or opening one PORV pressur-
izer PORV. Generally, depressurization by pressurizer spray is preferred to
PORV because the latter will cause release to the pressurizer relief tank
(PRT) which may lead to failure of the rupture disk., These operator's actions
to control the break flow is denoted by the event-tree top event, OP=4%, 1In
reality, OP-4* {s further split into two operations, OP-4] and OP-42, depend-
ing upon whether the top event L-3 (AFWS actuation and secondary cooling) is
successful. They are defined as follows.

(a) OP-41 Operatoir controls break flow given success of L-3,
Success of OP-4] event requires the operator to control RCS tempera-
ture and pressure using the AFWS and SC steam reliefs or dumps along
with pressurizer spray or opening of one PORV,

(b) OP=-42 Operator controls break flow given failure of L-3,
Success requires primary "feed and bleed" with two PORVs open and
one high pressure safety injection pump operating.

1f OP=-4]1 is successful, the PORV (or pressurizer spray valve) is closed
when the RCS pressure equalizes the ruptured steam generator pressure, Both
RCS pressure and pressurizer level continue to increase until safety injection
is terminated after primary pressure increases 200 psi, This 200 psi termina-
tion criterion is imposed for the purpose of collapsing any voids in the RCS
which may have been created during the depressurization process and to confirm
the integrity of the pressurizer vapor space.

Cooldown of the RCS {s continued by dumping steam from the intact SGs un=
til the RHR (Residual Heat Removal) system can be placed in service., 1In the
meantime, the faulty SC is gradually depressurized via steam dump to condenser
or through a steam generator power operated relief valve (PORV). The operator
has to simultaneously depressurize RCS by using pressurizer spray or cycling
PORV to maintain pressure equilibrium between RCS and the ruptured steam gen-
erator. This operator's action {s represented by OP-50, which is a subdivi~-
sion of OP-5%, a top event in the SGTR event-tree., Depending upon the success
or failure of the preceding sequence of events, HH-*, L-3 and SL, the top

event OP-5* (Depressurization and Makeup) is subdivided into the following
four events,



2=4

(a) OP=50: Success of both HH-* and L-3
Success of this event requires that the operator provides long-term
stability until the rupture i{s repaired. Note from the SGTR event~
tree that long-term cooling using the RHR system {s not required.
Depressurization can be achieved by using pressurizer spray or one
pressurizer PORV,

(b) OP-51: Success of HH-* and failure of L-3
Success requires continuea primary "feed and bleed" cooldown using
one high pressure safety injection pump and two PORVs until RMR sys-
tem can be activated (below 350°F and 450 psig).

(e¢) OP-52: Failure of HH-* and success of both L-3 and SL
Success requires establishment of a source or RCS makeup and cooul=-
down to the RHR entry conditions.

(d) OP=53: Failure of HH-* and succesc of L-3 and failure of SL
1f high head safety injection (HH-*) has failed and secondary side
leak from the faulty SG is present, some means of replenishing RCS
inventory must be established. The operator is advised to blowdown
the intact SGs to atmospheric pressure, With auxiliary feedwater
available, the 8Cs can be blown down through the condenser or
through the steam generator PORVs to the atmosphere. With no high
head safety injection and a steam generator tube rupture taking
place, this will cause rapid depressurization of the primary sys-
tem, In additio. to the secondary depressurization, low head safety
injection is needed to maintain RCS inventory and core coolability.

For the top-event OP=-5* (Depressurization and Makeup), therefore, the
pressurizer PORVs are used mainly in conjunction with the events, OP-50 and
OP-5]1 (feed and bleed). The event-tree top events CF (containment fan cool=-
ers) and CS (containment spray) are needed only when primary "feed and bleed"
cooling is employed., The top-event, SL, analyzes various plausible modes of
leakage to the atmosphere through the ruptured steam generator such as fail-
ures of steam dump valves along with main steam isolation valve failure,
steam~line failures, and failures of atmospheric relief valve and safety
valves to open and close etc., As explained earlier, SL is treated by a sepa-
rate event~tree of its own., The last event, R4 (Long Term Cooling) in the se-
quence of SGTR event-tree top events represents long-term cooling using the
normal closed-loop mode of RHR (Residual Heat Removal) system. For this pur-
pose, one RHR pump is required along with component cooling to one RHR heat
exchanger, If RHR has failed, long-~term cooling can be supplied by long-term
primary "feed and bleed" with a bleed path provided by a pressurizer PORV.

To sum up, the pressurizer PORVs are primarily used in connection with
the SGTR event-tree top events, OP-41, OP-42 (feed and bleed), OP-50 and OP-51
(feed and bleed)., It can also be used in a long-term primary "feed and bleed"
in case of a failure in RHR, and may also be useful, i{f needs occur, in the
depressurization process required in OP-52,

2.1.2 SCTR Core-Melt Frequency Calculations for Indian Pcint 3

A thorough examination of both the SCTR event-tree and the event-tree for
the top-event, SL, shown in Figures | and 2 and discussed above has been done



2=5

in the light of the SGTR transient scenarfos and block diagrams developed by
the NRC staff, and found to be reasonably correct and complete., These event=
trees, therefore, were taken to be the basis for estimating the frequencies of
core-nelt resulting from a SGTR initiating event.

To derive Boolean expressions for computing the core-melt frequencies
corresponding to different plant damage states, the success and failure
branches c¢ the top-event, OP-4*, were first subdivided into OP-4]1 and OP-42
depending on the outcome of the top-event, L-3, Similarly, the top-event,
OP-5* was subdivided into OP-50, OP-51, OP-52, and OP=53, according to the
conditional outcomes of the top-events, HH-*, L-3 and SL, as described ear-
lier. By taking the union of event-tree sequences belonging to the same plant

damage state, followed by simplifications utilizing the rules of Boolean alge~

bra, yialded the following Boolean expressions for the three plant damage
states, V2L, V2E2, and V2El.

V2L = S HH L3 * (OP41*0PS0+0P41%*R4)+S HH*(CF+CS)*LI*(OP514R4)+S K2 LI*

(OP4I*SL]1 + OP41*SL2)* HH* (OP52 + R4) (1

V2E2 = S HH CS*LI*CF*(OPS14R4) + S K2 L3 * (OP4G1#*SL1 +OP41%SL2)* HH *

(OP53 + R4) (2)

V2El = S*HH*(K2 + L3) + § (3)

In the above expressions and in all the event-tree sequences expressions
to be used throughout this report, the top-event symboi with a bar above {t
denotes the success state of the event, The branch-point split fraction data
for each of the top-events in the SCTR event tree (conditional on the SGTR
initiating event and electric power state) are tabulated in the 1PPSS. The
data used to quantify the split fractions for the event SL are also tabu-
lated, 1In this study, the following Boolean expression for the top-event SL
was also derived by taking the union of all the event-tree sequences leading
to "leak" states,

SL = 0S+IV#SG + 0S*(TV + SG)* [AG(AC) {MS*(SD+OP4)+ SD*OP4 J* (AI+SN*S0)

+ OP4*MS + (OP4+SD)*A0*S0 | (4)

By using the above Eq. (4), and the data presented in the IPPSS for each
of the SL event-tree top events, the following results on the split fraction
were obtained for SL.

(1) ac power available at all buses,

For OP4 = 0.0 sL = 10°Y
For OP4 = 1,0 SL = $,24x10"?
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(14) Degraded power state.
For OP4 = 0,0 SL = 3,88x10""
For OP4 = 1,0 SL = 5,24x10"?

These calculated values for the split fractions of SL were found to be in
very good agreement with those presented in the IPPSS, They were used, toget=-
her with the branch=point split fraction data shown in the IPPSS, to calculate
the core-melt frequencies corresponding to each of the plant damage states us-
ing Eqs. (1), (2), and (3), and the following results on the core melt fre-
quencies were obtained.

Time of Release Duration of
Plant Damage State Core Melt Freguency (hours after SGTR) Release (hr)
V2El (early melt) 1.66x10"? 2 1
V2E2 (early melt) 7.44x10° 11 2 1
V2L (late melt) 1,624x10" ¢ 24 1

Total = 1,625x10~%

The total core-melt frequency for the SGTR initiating events is thus
found to be 1,625 x 10~% This is in good agreement with the value, 1.6 x
10", listed in the 1PPSS. For reference, the branch point split fractions
for each of the SGTR event-tree top events corresponding to the electric power

state No, | (i.e., ac power available at all buses) used in this study are
listed below.

S = 2,7x10"° SLl = 10°%
HH = 1,5x10"% SL2 = 5,2x10"?
L3 = 1. 1x10"" 0PSO = 10™8
OP41 = 0,08 R4 = 5,3x10°"
CF = 3,2x10"°% OPS1 = 0,05
cs = 3,6x10"° OP52 = 0,09
K2 = 3,9x10"% oPS3 = 10~?

It is evident that the core-melt frequencies computed based on the Boole-
an expressions will decrease if the probabilities assigned to each of the top=
events shown above can be reduced, The event~tree top events pertinent to the
operations of PORVs or the associated block valves, such as OP4O, oP50, OPS1,
and OP52, etc., can be examined with the aid of fault trees to determine whet-
her improving the PORV reliability can help reduce the failure probabilities
assigned to them, In this connection, a fault tree as shown in Figure 3 was
constructed to analyze the failure of the top-event, OP4l, which is closely
related to the use of pressurizer spray or PORV in controlling the SGTR break
flow. Note that all human errors related to lowering RCS pressure and con-
trolling the secondary-side steam pressure are lumped together as a fault-tree
event, As can be observed, the probability of the event, failure to lower RCS
pressure (by using pressurizer spray or one of the PORVs), is about 2:!0", 4
rather small number., Since there are two PORVs arranged in parallel, failure
of the PORV path occurs only i{f both of the PORVs fail to open on demand,
Moreover, the occurrence of the event, failure to lower RCS pressure, requires
additional concurrent failure of the pressurizer spray. The probability of
failure to control secondary-side steam pressure due to hardware failures of
the valves is also extremely small largely because of the availability of re-
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dundant components such as the atmospheric relief valve and the safety

valves, This {mplies that the failure probability of 0.05 assigned to the
top=event, OP-40, is essentially composed of that due to operator's errors in
taking proper actions to control the break flow by depressurizing RCS and
simultaneously controlling the secondary side steam pressure. The failure
probabilities allotred to OP-5]1 (feed and bleed) and OP=52 are also chiefly
due to that of operator's errors, Improving the reliability of PORVs can con=-
tribute very little to lowering the probabilities of these human errors.

Assuming that the reliability of PORVs i{s improved in such a way that no
failure of PORV or the associatad block valves can occur due to their mechan-
fcal, electrical or pneumatic systems, the corc-lclt ftoqucncy resulting from
the SGTR events can be reduced from 1.63x107 /ry to l.56x107 /ry. Addi-tion~
ally, if the operator's errors in manipulating the break flow (OP-41) and de-
pressurizing the RCS can be totally eliminated, the core-melt frequency can be
reduced to 6.91x107 /ty.

2.1.3 General Charactevistics ot SGTR Scenarios for Oconee J

Since a steam generator tube rupture (SGTR) differs from other small LOCA
initiating events in several important respects, it was accorded a separate
event tree evaluation in the Oconee PRA, The event tree analysis applies to a
typical leak rate of approximate y 400 gpm at normal RCS and secondary-system
conditions resulting from a complete severance of a single SG tube., To facil~-
itate further discussions, the event tree for SGTR initiating events and some
of the relevant fault trees developed in the Oconee PRA are shown in Figure &
through Figure 7. The approaches tsken in the Oconee PRA differ from those in
the IPPSS in that although the event tree is relatively simple, elaborate
fault trees are developed to dnlineate the supporting logic for each of the
event tree top event, One ad.antage of this type of approach is that it is
easier to comprehend the essence of the PRA and to gain a deep insight into
the details of the logical basis of the analysis., As compared with the Indian
Point 3 PWR, the Oconee-3 PWR has only two steam generators of the once-
through type (as opposed to four U-tube type SGs for Indian Point 3), one
pressurizer PORV (instead of 2), and two pressurizer code safety relief valves
(instead of 3), These and other unmentioned differences in the plant-specif-
ics between the two PWR systems can be expected to exert some influence on the
outcome of the SGTR event as well as the measures that can be taken to allevi-
ate its severity., They are properly reflected in the structure of both the
event and fault trees developed to assess the probabilistic risk of the rele~
vant evencs. For example, the failure probability for the PORV path to open
to depressurize RCS during an SGTR accident can be expected to be larger for
the Oconee PWR (if human errors are not taken into consideration) because it
has only one PORV., The event tree shown in Figure 4 also indicates that, in
the Oconee PRA, core melt (of bin IR type) is always assumed to take place
whenever the HP1 falls regardless of whether or not the RCS heat removal by
steam generators is successful., Such is not the case with the IPPSS, as can
be observed from the event tree shown in Figure I, In contrast to the IPPSS,
the Oconee PRA attaches relatively little weight to the effectiveness of (he
HPI cooling (feed and bleed) using the PCRV, in case of a fallure of RCS heat
removal by steam generato:s. The HPI cooling alone is considered to be insuf-
ficient to cool the RCS down to the DHR (decay heat removal) entry condi-
tions. For such a case, emphasis is placed upon opening the boron precipita~-
tion line (valves LP-103 and LP-]104) to depressurize the RCS to within the
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capacity of the LPI (low pressure {~jection) pumps. The functions that can be
exercised by the PORV in mitigating the consequence of an SGTR accident are
logically illustrated by the system-level fault tree TXRO? shown in Figure 6.
Normally, a SGTR will cause a slow RCS depressurization, resulting in a reac~
tor trip at {ts low pressure set point (1815 poia). 1f feed water flow {s
available, the RCS depressurization will continue until the set point for the
HPL system (1565 psia) i{s reached. 1If MFW (main feed water) flow i{s lost sub-
sequently to the reactor trip, and {f the EFW (emergency feed vater) system
fails to respond properly, manual actiation of the HPI within 30 minutes may
be necessary to avoid core uncovery., The manual actustion is required mainiv
becaure the RCS will repressurize as a result of the loss of feedwater, and
automitic actuation through the ES (engineered safeguard) system will not oc-
cury One lmportant difference between a SGTR and most other LOCAs is that the
leakage flow is lost to the secondary system rather than the reactor builde-
ing., Initiation of HPI on high containment pressure, therefore, will not oc~
cur. Moreover, since no water will accumulate in the containment sump, HPR
(high pressure recirculation) mode of cooling can not be depended upon, and
usually, some other mode of cooling mus* he established before the inventory
of BWST (borated water storage tank) is exhausted.

If both HPI actuation and RCS heat removal by steam generators are suce
cessful, the most desiradble mode of long~term cooling is to cool and depres-
surize RCS to the point (250°F, 350 psia) at which the DHR system can be acti=-
vated for an eventual cold shutdown., Generally .peaking, the following three
conditions must be met in order to attain the DHR entry conditions.

(a) Feedwater must be available for RCS heat removal.

(b) RCS pressure must be controlled by using pressurizer spray or the
PORV, and lowered while maintaining enough subdbcooled margin,

(¢) The operator must be able to control and lower the secondary side
pressure by manipulating the turbine bypass valves or the atmospher=
ic dump valves so that heat transfer can be maintained as the RCS is
depressurized.

The PORV is used mainly in connection with the operation (b) described
above., To depressurize RCS, manual operation of the pressurizer spray {s gen-
erally preferable to opening the PORV since no steam will be discharged to the
PRT (pressurizer relicf tank) so as to possibly cause the rupture of PRT rup-
ture disk. The pressurizer spray, however, may not be available {f RCPs (re-
actor coolant pumps) are tripped by the operator, following the HPI actuation,
to comply with the instruction given in the emergency procedure guidelines,

If the faulty steam generator cai “e identified and isolated within reasonable
time, the operator can probably restart the RCPs provided that enough sub~-
cooled margin is maintained to prevert possible cavitation of the RCPs during
the subsequent depressurization., 1f the RCPs are not restarted, manual opera-
tion of the PORV becomes necessary in order to achieve the desired reduction
in RCS pressure to attain the DHR entry condition. It should be remarked that
there is an alternative way of achieving the DHR entry conditions in case the
more conventional way of RCS cooldown described above fails. This {s to open
the boron precipitation line to blow down the RCS to within the capacity of
the LPIl pumps as mentioned earlier,
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The PORV can also be useful {f timely cooldown to the DHR entry condi=
tions becomes impracticable and, consequently, the need to maintain a long~-
term cooling at hot conditions occurs. As logically elucidated by the fault
tree shown in Figure 7, there are two ways of achieving this, If feedwater is
available, the RCS can be cooled and depressurized to below the MSRV (main
steam relief valve) set point so that the faulty steam generator can be ef-
fectively isolated by closing the valve off the main steam line., The PORV can
be used in combination with the heat transfer provided by the intact steam
generator to further depressurize the RCS to the point where HPR can be acti=
vated. The RCS inventory that has been blown down through the PORV and col=
lected in the containment sump can then be recirculated for the cooling., It
is obvious that this mode of cooling cannot be utilized if one or more MSRVs
on the faulty steam generator stick open,

An alternative means of maintaining a long-term hot shutdown condition is
to replenish the BWST inventory (in 14 hours) so that the HPI can be continu=
ally put to use. This will, however, cause greater contamination of the sec~-
ondary system and may lead to excessive release of radiocactive nuclides.

2.1.4 Estimation of Oconee 3 SGTR Core-Melt Frequency Reduction

The event tree shown in Figure 4 suggests that the core melt sequences
originating from SGTR events can lead tc two types of plant damage states de-
fined by the core melt bins IR (early core melt) and 1IR (late core melt)., To
quantify the frequencies of the core melt sequences, all the sequences belong-
ing to the same bdin can first be combined to obtain the minimal cut seLs at

the bin level. The Boolean expressions for each of these bins can thus be
written as:

Bin IR = R 'RUR + R .RUR (5)

Bin IIR = R BRbRxRO + R BRURXRO (6)
It should be remarked that no further simplification by applying the

rules of Boolean algedra is made because the meanings for the events Ur»
Xgs and O vary depending on the status of event Bg.

The above Boolean expressions form the basis of bin-level fault trees
that can be solved and quantified using computer codes such as the SETS code!!
to obtain the core melt frequencies, In the Oconee PRA, the quantitative re~-
sults of the analysis performed to obtain core melt frequencies are presented
by listing only the dominant cut sets comprising the sequence type assigned to
the core melt bin and their frequencies of occurrence.

As pointed out earlier, the primary objective of this study was to evalu=-
ate the reduction in core melt frequencies that can be obtained from improving
the reliability of PORV and {ts associated bdloek valve, by making use of the
quantitative results presented in the Oconee PRA or the IPPSS. No attempt,
thcriforo. was made to carry out independent calculations by using the SETS
code'! for checking the correctness or accuracy of the quantitative results
presented in the Oconee PRA. It should be mentioned, however, that there is a
separate task group at BNL currently being engaged in the review of the Oconee
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PRA including independent calculations using the SETS code. Consultations
with the colleagues in this group were held whenever questions arose,

In view of the way the quantitative results are presented in the Oconee
PRA, a logical approach that can be taken to evaluate the possible benefit of
an improved PORV reliability is to scrutinize the dominant min{mal cut sets in
the light of the relevant fault trees to determine whether or not they com=-
prise the primary events (o: basic events) related to the hardware fallure or
the operational failure of both the PORV and the block valve. 1f they do, the
frequencies of the minimal cut sets can be recalculated by changing the proba-
bilities or unavailabilities assigned to those primary events to reflect a hy-
pothetical improvement in the PORV reliability. Any possible reduction in the
core melt frequencies can thus be quantified.

A thorough examination of the dominant minimal cut sets belonging to core
melt bin IR and IIR, however, revealed that none of the events represented by
their components corresponds to the primary (or basic) events related to hard-
ware or other operational failures of PORV and its block valve. lmproving the
reliability of PORV and its block valve, therefore, has no effect on changing
the core melt frequencies derived from those cut sets. The event tree se~-
quences and their occurring frequencies for the SCTR initiating events are
summarized in Table 1, together with a brief description of the core melt se~-
quence of each type.

It should be pointed out that in the Oconee PRA, the cut-off value for
the core melt frequency calculation using the SETS code was 102, 1In other
words, any cut set with a value smaller than 10~% is omitted in obtaining the
summation of the core melt frequencies.

From Table 1, it can be observed that the contributory cause for bin IR
core melt sequence is the failure to initiate the HPI system following the
SGTR due to various reasons such as fallure of the BWST to provide suction,
failure of suction valve to open or loss of low pressure service water, etc,
For core melt bin IIR, type A, a main steam relief valve on the faulty SG
stuck open following the SGTR so that HPR can not be chosen as an option for
maintaining long-term cooling., The BWST fails to be refilled in 14 hours and
DHR with the low pressure system also fails, leading to an eventual core
melt, The core melt in bin IIR, type B, occurs in consequence of failure of
low pressure injection system to function for HPR or DHR, with an additional
failure to refill the BWST.

It {e thus evident that none of the dominant cut sets contains any prima-
ry erent related to failures of PORV or {ts block valve., The Boolean expres-
sion for the bin-level fault tree suggests that any cut set contribution to
the core melt frequencies which might have resulted from failures in the oper-
ation or hardware of PORV or block valve is either too small to be retained in
the SETS calculations or can only appear within the sum of other bin IIR cut
sets (i.e., 2.7x10"7) shown in Table 1. The latter amounts to roughly 10% of
the total SGTR co.e melt fruquency, and can be considered as the upper bound
for the magnitude of core melt frequency reduction attainabdle by improving the
reliability of PORV and its block valve, A conservative but closer estimate
based on the results of an independent calculation recently performed at BNL
using the SETS code!! revealed that less than a half of this core melt fre-
quency (i.e., 2.7x10"7) actually receive countributions from cut sets compris-
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ing primary events related to PORV or block valve failures., This {mplies
that, for the SGTR initiating events, the actual reduction in core melt fre-
quency obtainable by improving the reliability of PORV and its assoclated
block valve {s approximately 1.4x10"7, about five per cent of the total SGTR
core melt frequency. This relatively minor benefit in the core melt frequency
can be attributed to alternative success paths such as pressurizer spray or
the boron precipitation line, which are potentially available to attain the
DHR entry condition or hot shutdown condition in case of a failure of the
PORV.,

Before concluding discussions in this section, {t should be remarked
that, i{n contrast to the Oconee PRA, the independent BNL calculation" yielded
one dominant cut set containing a primary event related to the operation of
the PORV. This cut set is listed below together with a brief definition of
its primary events,

Frequency = 4.3 x 10~%/RY
R(8.6 x 10'3) * OBWSTH(0.5) * XRRCPH(0.,01) * XOLPIO34H(0.1) * RCH60SVH(0.01)

R: SGTR initiating frequency
OBWSTH: Failure to initiate BWST refill in 14 hours (Figure 7)
XRRCPH: Operator fails to restart RCPs (Figure 6)
XOLP1034H: Operator fails to open LP-103 and LP-104 (Figure 5)
RC660SVH: Operator does not open valve (PORV) (Pigure 16)

The primary evente constituting the components of the above dominant cut
set can be found in the respsctive fault tree (the figure number of which is
shown inside the parentheses), For each of the components, the numeral shown
inside the parentheses denotes the probability assigned to the event used in
the BNL calculation, The reason why this cut set did not appear as a dominant
cut set in the Oconee PRA is probably that smaller probabilities were assigned
to the primary events, XRRCPH, XOLPI1034H, and RC6K0SVH so that the frequency
became smaller than the cutoff value of 10~%,

Although the primary event, RC660SVH, appearing in the above dominant cut
set is relevant to the operation of PORV, it actually represents the opera~-
tor's failure to take proper action to open the PORV, a human error. Improv=-
ing the reliability of the hardware of PORV has virtually no effect on reduc~
ing the probability of this event, It i{s obvious, however, that if this human
error can be made much smaller than 0.01, this cut set will become negligibly
small, Another sigrnificant input data change made in the BNL's SETS code cal-
culation was that the unavailability of the primary event, RC4MVOCM (1.e.,
RC-4 block valve was closed prior to demand), was changed from 0,033 (the
value used in the Oconee PRA) to 0.8 in view of the fact that the PORV block
valve is closed 75-80% of the time during normal operltlon.' This change,
however, was found to have negligible effect on the results of SGTR core melt
frequency calculations,"
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2.2 Stuck=Open PORV

2+2.1 A General Description of Indian Point 3 Stuck-Open PORV Event

In the IPPSS, a stuck-open PORV is treated under the small LOCA event-~
tree as shown in Figure 8. This event-tree applies to all RCS (reactor cool-
ant system) ruptures initiated by random pipe breaks or valve failures, with
blowdown rates equivalent to double-ended circumferential breaks of a pipe
less than two inches in diameter, The structure of the event-tree was exam=
ined and found to be consistent with the block diagrams prepared by the NRC
staff for depicting the transient scenarios of a stuck-open PORV. The system
and operator functions are represented by the following event=-tree top events,

ET=3: Small LOCA initiating event
t Refueling water storage tank

K-3: Reactor trip

SA-1: Safety injection actuation signal
HH=2: High head pumps

L=1: AFWS actuation and secondary cooling
OP=1: Primary cooling feed and bleed
CF-1: Fan coolers

R=2: Recirculation cooling

C8: Containment spray
NA: Sodium hydroxide addition
RS: Recirculation spray

Detailed explanations of each of the top-event are available in the
1PPSS,

2.2.2 Computation of Indian Point 3 Stuck-Open PORV Core-Melt Frequency

In this study, the following Boolean expressions were derived, based on
this event-tree, for computing the core-melt frequencies corresponding to
eight different plant damage states,

SLFC = (const)*CFI*CS*R2 (1)
SLF = (const)*CFI*CS*R2 (8)
SLC = (const)*CFI*CS*R2 (9)
SL = (const)*CFI*CS*R2 (10)

SEFC = TK K3 SAI CFI CS*(H2 + L1*0P1) (11)
SEF ~ SAI CFI*TK + K3 SAI CFICS*(H2+L1*0P1) (12)
SEC = TK K3 TS* {SAl +CFI*(H2 +L1*0P1) ) (13)

SE = TK K3CS* {SAl + CFI*(H2 +L1*OP1) } + TK*(SAL+CFl) (14)

where const = TK K3 SAl H2 LI*OPI
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By substituting the data shown in the IPPSS for the frequency of the
small LOCA initiating event and other branch point split fraction for each of
the event~tree top events (corresponding to eight electric power states), the
following results were obtained.

Plant Damage State Core-Melt Frequency
SLFC 8.26-5
SLF 2.99-9
SLC 7.41-10
SL 5.13=14
SEFC 2.82+6
SEC 1053“7
SE 1.01-8

Total = 8.56x10" 5/RY

This is in very good agreement with the value, 8,6 x 10~° listed in the
IPPSS. 1In the above calculations, the frequency of the small LOCA initiating
event was taken to be 0,020]1 per reactor year, which includes all small LOCA
initiating events such as small pipe breaks and stuck-open PORVs or safety
valves etc, To estimate the frequency of a small LOCA caused solely by a
stuck-open PORV, a fault-tree as shown in Figure 9 was constructed to analyze
the logic for the failure of the PORV path to close following openings due to
an automatic actuation or a manual action, Since there are two parallel
trains each containing a PORV and a block valve, failure of valves to close in
any single train can result in a stuck-open PORV. Also, within a single
train, the block valve has to fail to close concurrently with the PORV in or-
der for the PORV path to fail to close. The probability for the PORV path to
fail to close after automatic or manual opeuings was estimated to be
1.6x10"%, 1f the PORV challenging frequency for all the transients is known,
the frequency of a stuck-open PORV can be calculated by sultiplying the chal-
lengirg frequency by this probability, For example, if the PURV challenging
frequency is known to bde 0.3 challenge/year, the frequency of a stuck-upen
PORV will be 6.8:10‘5/year. The core-melt frequency due to a stuck-open PORV
then becomes 8,56x10"° (4.8x107%/0,0201) » 2.0x10" /ry. 1f the reliability of
PORVs and the associated block valves can be improved so that there will be no
possibility of a stuck-open PORV, this core-melt frequency can be totally
eliminated.

it should be remarked that, according to a rough estimate, 55% of all
Westinghouse block valves are currently said to be gagged to circumvent PORY
leakages. Leakages from PORVs, however, are usually not severe enough to be
regarded as a LOCA., Detection of such leakage is feasible and any ensuing
loss of RCS inventory can be compensated by adjusting the charging flow, 1In=-
advertent opening of the block valve, followed by failure to reclose it,
therefore, is not treated as a PORV LOCA in this report,

There is also a concern from a different aspect - a concern regarding the
possibility of increasing the frequency of small LOCAs due to a stuck-open
safety valve in consequence of gagging the dlock val es. The safety valves
are customarily sized to protect the RCS (reactor conlant systes) without ne-
cessitating the PORVs to be operational during plant operation, The small
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LOCA initiating frequency of 0.021/reactor year cited earlier includes the
frequencies of both stuck=-open PORV and stuck-open safety valves. By virtue
of the comparatively higher pressure set point for the safety valves, the
challenging frequency of PORVs and safety valves, as a whole, tends to de~
crease if the block valves are gagged. The occurring frequency of a stuck=-
open safety valve, nevertheless, may increase due to the higher likelihood for
a safety valve to fail open after discharging water rather than steam,

Besides ATW3, there are a few other accident sequences that can conceiv-
ably lead to - situation i{n which pressurizer becomes solid, i.e., filled with
water. Included in this category are loss of all feedwater accident (with no
recovery in 10 minutes), and steamline break or other overcooling transients
which can cause primary system depressurization that leads to actuation of HPI
(high pressure injection). As will be more fully discussed later in Section
2:2.4 for Oconee 3, the availability of PORVs has a tendency to prevent the
occurrence of a stuck-open safety valve for transients involving actuation of
HP1 without LOCA. This is primarily owing to the fact that, in this case,
safety valves are challenged to relieve water only {f the PORVs fail to open.
For loss of all feedwater transients (with no recovery in 10 minutes), on the
other hand, safety valves are challenged to relieve water irrespective of the
opening of PORVs, due to the severity of the accident and the relatively small
relief capacity of the PORVs, The availab’lity of PORVs, therefore, has less
significance in preventing a stuck-open safety valve for the latter type of
transients, Although there {s no feasible means of estimating the possible
increase in the frequency of a stuck-open safety valve attributable to the un=-
availadility of PORVs, such an increase is believed to have negligible impact
on the overall core damage frequency for Indian Point 3,

2.2.3 A Generzl Description of Oconee 3 Stuck=Open PORV Event

The failure of the pressurizer PORV or SRVs to reclose after their open~
ings during a transient is treated in the Oconee PRA as a transient-induced
small LOCA under the top event, Q, loss of RCS integrity, in the generalized
transient event tree having 14 different transient initiating events, denoted
by T. The TQ sequences are then transferred through a branch point to a sep~
arate small LOCA event tree that has {ts own initiating events, S, as shown in
Figures 10 and 1l. For convenience of ready reference, part of the fault
trees developed in the Oconee PRA for supporting the logic of the event tree
top event, Q, is {llustrated in Figure 12,

The PORV or SRVs may be challenged by an increase in RCS pressure due to:
(a) interruption of feedwater to steam generators resulting in the loss of SG
heat transfer; (b) actuation of HPI without LOCA resulting in the addition of
mass to RCS; and (c) spurious low RCS pressure signal resulting in the ener-
glzing of the pressurizer heater banks and addition of energy to RCS. Numer~
ous causes for the interruption of feedwater to SC are identified in the
Oconee PRA through system level fault tree, TQOS.‘ They include feedwater
line break, failure of emergency feedwater system, and loss of main feedwater
due to losses of condenser vacuum, instrument air, and ICS (integrated control
system), etc, Similarly, the event (b), actuation gl HP1 without LOCA, is
further developed through a system level fault tree’ to adduce its various
causet including steam line break, overcooling due to excessive MFW (main
feedwater) or EFW (emergency feedwater), and the stuck-opening of more than
two MSRVs (main steam line relief valves) or turbine bypass valves (TBV),
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etc, These events are normally capable of cooling the ®4S to the HPI set
point to actuate the HPI flow. The event (c), spurious low RCS pressure sig~
nal, is by itself considered as an initiating event,

The PORV is used to relieve RCS pressure mainly in connection with the
events related to (a) and (b) described above. For event (c), the spurious
low RCS pressure signal automatically causes PORV to be fail-closed, and thus
PORV will not open., There are two system level top events which bear rela-
tionship to the use or failure of PORV. These are TRC! (failure to terminate
PORV relief) and TRC4O1 (PORV fails to open on demand) as can be seen in the
fault trees shown in Figure 12, The supporting logic for these events are
elucidated through system level fault trees in the Oconee PRA (see Figure 13)
including that for human errors, PORV hardware failure or the failure of the
block valve to open or close, etc.

Tue Conditions Required to Challenge PORV or SRVs as Assumed in the Oconee PRA

The conditions under which PORV or SRVs can be challenged differ slightly
depending on whether RCS pressurization is caused by interruption of teedwater
Lo steam generators or by actvation of HPI without LOCA,

The Oconee PRA assumes that the PORV is challenged if RCS heat remival
fails due to interruption of feedwater to steam generators for a sufficient
period of time. The SRVs are assumed to be challenged for steam relief only
{f the PORV fails to open on demand, 1If, however, the total feedwater loss
persists for more than ten minutes, the SRVs are assumed to be challenged to
discharge liquid regardless of whether the PORV is open,

For HPI actuation without LOCA, the SRVs can be challenged only {f the
PORV fails to open on demand. 1In other words, the SRVs are not required to
open if the PORV opens successfully on demand. 1f challenged, however, the
SRVs will first open to discharge ste'm, and {f the operator fails to throttle
HPI before the RCS becomes water-solid, will be required to relieve liquid
eventually, These logics are delineated in the system-level fault trees, TQO6
and TQO?, as shovn in Figure 12,

Boolean Expressions for Core Melt Bins Resulting from Small Break LOCA (lIn=-
cluding a Stuck Open PORV

As illustrated by the small break LOCA event tree shown in Figure 10,
small break LOCA events, either transient-induced or as initiating events, can
lead to core melt sequences denoted by bin I (early core melt) or bin II (late
core melt) depeading upon the success or failure of the preceding event tree
top events, The Boolean expressions for these core melt bins can be derived
by taking the union of the core melt sequences belonging to the same dia, fol~

lowed by simplifications using the rules of Boolean algebra. They can be
stiown to be:

Bin 1 = (n‘i‘x‘.ﬂr *TQ+S) CYX +(TQ+8) v, (15)

Bin II = (TQBPLW # TQ + §) * u‘v‘x' (16)
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The bin-level fault trees can be constructed based on these expressions
and then solved and quantified to obtain the core melt frequencies for each of
the core melt sequences, This was done In the Oconee PRA and the results were
presented in terms of the dominant minimal cut sets and their occurring fre-
quencies. For quick reference, the number of dominant cut sets and their con-
tributions to the core melt frequencies are summarized according to the se-
quence type in Tables 2 and 3 for core melt dbin 1 and bin 11 respectively,

The column allocated for the sum of all other cut sets lists the contribution
to the core melt frequencies by all those cut sets which are not dominant, As
pointed out earlier, the Oconee PRA ignores any cut set smaller than 108,

Glancing through the list of these tables, it can be noted that the domi=~
nant cut sets for bin 1 consists mainly of the event tree sequences TQUg,
SUg, SYgXg, and TQYgXg, whereas those for bin Il are composed of
the sequences TQU¥Xg and S¥¥Xg. This {s consistent with the Boolean ex~
pressions given by Eq. (15) and Eq. (16).

2.2.4 Estimation of Oconee 3 Stuck-Open PORV Core-Melt Frequency Reduction

To explore possible merit of improving the reliability of PORV, the pri-
mary events constituting the components of each of the dominant minimal cut
sets are scrutinized by reference to the relevant fault trees to determine
whether they are related to the operation or hardware of the PORV and its
block valve, The results of this scrutiny are summarized and discussed in the
following:

(1) The sequence types B(TQUg) and D(TgQU) of core melt bin I involve tran-
sient-induced small break LOCAs resulting in RCP (reactor coolant pump)
seal failures, They are virtually unrelated to the operation of PORV,
and, hence, can be excluded from further considerations.

(2) The three sequence types starting with the letter §, i.c., SYgXq and
SU. in bin 1 and sequence §ﬁ?x' in bin 11, are those caused by a small

break LOCA initiating events such as a small pipe break and an inadver~-
tent opening of PORV or SRVs. The latter does not include a small valve
leak which can be compensated by charging flow, The core melt frequen~-
cies of these sequences add up to 6.13:10"/ty based on the initiating
frequency of 0,003/ry. 1f the frequency of an inadvertent opening of
PORV as an initiating event i{s known, its core melt frequency can be com=-
puted ptopogtiowally. For example, if the initiating frequency is known
to be 6x10™%/ry, then Lhe core-melt frequency due to an inadvertent open-
ing of a PORV becomes 6.13x10~% (6x10~%/0,003) = 1.23x10""/ry. 1If the
PORV reliability can be improved so that no inadvertent opening of

PORV can occur, the core melt frequency due to this cause can be elimi-
nated.

(3) There are seven types of event tree sequences (i.e., Types E, F, H, and 1
in bin 1 and Types A, B, and D in bin 11) which are transient-induced
small break LOCAs resulting in a stuck-open SRV discharying liquid, The
core melt frequencies for these seven sequences add up to 2.84 x 10™"/ry,
with additional contributions from all other cut sets amounting to 6.8 x
lO"/ry. These are transient sequences involving the failure of the
feedwater system and, as such, are governed by the system level fault
tree, TQO6, shown in Figure 12, All of the primary events constituting
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the components of these dominant cut sets belonging to these event tree
sequences were examined closely and found to be unrelated to the opera~
tion or hardware of PORV. The system level fault tree, TQO6, suggests
that any PORV related primary events can only appear under the system
level fault trees, TRCl (failure to terminate PORV relief) and TRC4O!
(PORV fails to open on demand)., This implies that contribution to the
core melt frequencies from any cut set which might contain primary events
related to PORV operations can %nly be inclvjed within the sum of all
other cut sets, f.e., 6.8 x 10°%/ry, For those seven event tree se~
quences, therefore, this value represents the maximum reduction in core
melt frequency attainable by {mproving the PORV reliability., One basic
reason for this relatively insignificant benefit is that {mproving the
PORV reliability can produce larger effect on preventing SRVs from being
challenged to relieve steam but not liquid. As mentioned earlier, for
RCS pressurization caused by loss of feedwater, challenging of the SRVs
is contingent upon failure of PORV (to open on demand) for discharging
steam only., Since the liquid relieving capacity of PORV is relatively
small compared to that of SRVs, the SRVs can be challenged to relieve
liquid regardless of whether or not the PORV is open., If the PORV can be
made completely reliable, SRVs will not be challenged to relieve steam,

and, hence, there will be no possibility of a stuck open SRV discharging
steam,

Observation of the results shown in Tables 2 and 3, however, revealed
that essentially all of the small break LOCA transients involving failure
of the feedwater system end up with a stuck-open SRV diecharging liquid
rather than steam. This {s mainly due to the more dominant nature of the
cut sets containing the primary event, RCSRVLC (either SRV fails to close
after liquid relicf) shown under gate Ql2 in Figure 12 and QFDWR (failure
to recover feedwater in 10 minutes) also shown under gate Q12 in the same
figure. 1In the Oconee PRA, the probability for these events was taken to
be 0.1 and 0.7 (or 1.0) respectively. The probability for the event Ql2,
SRV fails to close after liquid relief, therefore, is 0.07 (or 0.1).

This i{s much larger than that for Qll (= 1.2x10™", SRV fails to close
after steam relief) which can be obtai.ed by multiplying the probability
for RCSRVSC (= 9.6x10". either SRV fails to close after steam relief) by
the probability for TRC40! (= 0.012, PORV fails to open on demand). The
cut sets going through the gate Ql2 is thus much more dominant as com=
pared with those going through the gate Qll. Even if the unavailabilicy
of PORV is increased to 0,812 by reason that the PORV block valve is
closed 80X of the time, the prodbadility for Ql1 is still only about 122
of that for Ql2. Since most of the core melt sequences belonging to core
melt bin 1 and bin II involve a stuck open SRV discharging liquid for
which PORV reliability is less important, the risk reduction achievable

by improving the PORV reliabflity car be expected to be relatively insig-
nificant,

All the three dominant cut sets dbelonging to the sequence type G in bin 1
and three out of the four dominant cut sets belonging to the sequence
type F in bin 11 {nvolve a stuck open SRV discharging steam., The initia-
ting event for these sequences is Ti3s @ spurious low pressurizer p.es~
sure signal which could result from failure wiihin the integrated control
system (ICS) and the auxiliary control system. It results in the actua=-
tion of pressurizer heaters, closure of the pressurizer spray valve, and
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the blocking of PORV from opening. There exists, therefore, the poten-
tial for the RCS pressure to rise and challenge the SRVs, with the possi-
bility of a stuck open SRV. If this stuck open SRV is followed respec~
tively by a HPI failure and a failure in high pressure and low pressure
recirculations, the core melt sequences of bin 1, type G and that for bin
11, type F result.,

The unavailability of a PORV to relieve RCS pressure, in these
cases, is caused by the control action taken in response to the spurious
low pressurizer-pressure signal, and not by the failure of PORV. Ilamprov=
ing the PORV reliability, therefore, cannot contribute to reduction of
core melt frequencies for these sequences,

In scrutinizing all the dominant cut sets belonging to bin 1 and bin 11,
it was revealed that only all of the three cut sets in type E and one cut
set in type F of bin II contain a primary event relevant to the operation
of PORV and its block valve., For reference, these cut sets are listed in
the following:

(a) Sequence type E, bin 11

T(7.0) * RCAMVOCM(3.3 x 10™2) * RCSRVLC(0.1) * XHPLPRI2H(3. x 10°%)
* MSRVC(3. x 10°%)

T(7.0) * RCAMVOC'H( 3.3 x 10™2) # RCSRVLC(0.1) * XHPLPRI2H(3.x10™%) #
IM41(2, x 10%)

T(7.0) * RC4MVOCM(3,3 x 10™2) * RCSRVLC(0.1) * XHPLPRI2H(3. x 10=%)
* ICRDRTVO(2. x 10=%)

Approximate frequency = 5.8 x lO"/ry
(b) Sequence type F, bin 11

T8(0,01) * RCAMVOCM(3.3 x 102) # RCSRVLC(0.1) * XHPLPRI2N(3. x
10™%)

Approximate frequency = 1,0 x lO"/ry.

The number shown inside the parentheses denotes the frequency of initiat~-
ing event for T and T8, and for the rest, the unavailability of the indi-
vidual event,

The initiating event for sequence type F (i.e., T8) is a spurious
actuation of HPI, whereas those for the sequence type E sequences are all
the transients that lead to overcooling events directly or with addition-
al failures such as MSRV" {(two or more MSRVs stuck open) and IM&! (common
mode faults affecting all turbine bypass valves), etc., Overcooling nor-
mally results i{n RCS depressurization that actuate HPI. For these event
tree sequences, therefore, the supporting logic for the event tree top
event, Q, fallure of RCS integrity, is governed by the system level fault
tree, TQ0O?7, as shown in Figure 12.
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All of the above cut sets contain a fault tree primary event, RC4MVOCM
(RC=4 block valve closed prior to demand) as one of their components, In the
Oconee PRA, this primary event was assi ned a probadility of 0,033, Also, the
primary event QHPIN (operator fails to throttle HP1) was fmplicitly given a
value of unity, This is the reason why QHPIH does not appear explicitly ia
the above dominant cut sets. Since the PORV bdlock valve is actually 80% of
the time closed, a more proper value for RC4MVOCM is 0.8, Furthermore, ther=
mal hydraulic analysis performed for transients involving overcooliag such as
the main steam line break' shows that there is at least 10-15 minutes of time
available for the operator to throttle HPI before the RCS pressure reaches the
PORV set point., A more reasonable value for QHPIH is, therefore, 0,05 rather
than 1.0." Moreover, {f a more up~to-date value (8,0E~3) is used for MSRVC,
the core melt frequency for type E sequences becomes l.lxlO"/ry rather than
the previously shown value of 5.8x10"%/ry, Similar modifications can be made
on the dominant cut set listed under sequence type F, bin II, involving a
spurious actuation of HPI at full power, 1In this case, the operator will have
less time to throtile HPI so that a more proper value for QHPIH is 0.1.% To-
gether with the change of RC4MVOCM to 0.8, the core melt frequency from this
cut set becomes 2.4 x 10"/ry rather than the value l.OxlO"/ry shown previ=-
ously, ;hc core melt frequencies due to these four cut sets, therefore, total
1.34x10% /ey,

As pointed out earlier, these four cut sets are the only dominant ¢t
sets that bear direct relation to the operation of PORV and its blc:k valve.
The primary event, RCAMVOCM, however, is dominated by human sctions, Although
the PORV is not required to be operational during normal plant operation,
closing the block valve 80% of the time is a precautionary measure taken to
avoid loss of RCS inventory due to possible leakage of the PORV, 1f the reli-
ability of PORV can be improved so that the block valves need not to be closed
during plant operation, the core-melt frequencies associated with these four
cut sets can be essentially eradicated.

2,3 Use of PORVs in Cooldown to Cold Shutdown

2.3.1 A General Descriptior of Cooldown to Cold Shutdown for Indian Point 3
Transient Initiating Events

Since virtually all of the transient initiating events require reactor
and turbine trips and the subsequent cooldown to hot or cold shutdown condi-
tions, all of the transient event-trees presented in the IPPSS were examined
individually, and used as the bdasis for deriving Boolean expressions for com=
pating the core-melt frequencies corresponding to various plant damage
states, The event-trees for the following nine transient {nitiating events
were scrutinized.

Event~Tree No, Description of Transient

Steam-line break inside containment
Steam~line break outside containment

Loss of main feedwater

Closure of main steam isolation valve (MSIV)
Loss of reactor coolant system flow

Core power excursion

112 Basic turbine trip

...
Lt - BRI
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Modified turbine trip due to loss of offsite power
12 Reactor trip

The individual event~-tree as well as detailed descriptions of its top~
events are presented in the IPPSS for each of the above transients. The nine
event~trees employ the following symbols to identify system and operator funce

tions.

SA-2: Safety injection signal and high head pumps

K3: Reactor trip
MS=~1 or M8=2: MSIV trip
L=1: AFWS actuation and secondary cooling
OP~]1 or OP=2: Feed and bleed cooling

R3: Recirculation cooling

CF=2: Fan coolers
CS: Containment spray
NA: Sodium hydroxide addition

TT or TTl: Turbine trip
OP=3: Operator stabilizes transient (Event-tree 8)
Operator terminates excursion (Event-tree 10)

K=5: Turbine runback
LS: Reactor coolant pump seal LOCA (Event-tree 11b)

EPO: ac power state split fraction at time = 0 (Event-tree 11b)
EPl: ac power state split fraction at time = 30 minutes (Event~

tree 11b)

EP2: ac power restored in less than 60 minutes (Event~-tree 11b)

EP): ac power restored in less than 3} hours (Event-tree l1b)

A thorough examination of these event-trees revealed that during the pro-
cess of cooldown subsequent to the reactor and turbine trips, PORVs are used
mainly in connection with "feed and bleed" cooling necessitated by loss of SC
secondary cooling due to failures in actuating AFWS (auxiliary feedwater sys-
tem),

The event trees for these transient i{nitiating sequences suggest that as
long as AFWS actuation and steam generator secondary cooling are successful,
no core damage will ensue, Depressurization of RCS (reactor coclant system)
by means of PORVs, in this case, is not required to avold core damage. This
is partly due to the fact that the AFWS is provided with sufficlent water sup~
ply to remove the decay heat for at least 24 hours under hot shutdown condi-
tion., Moreover, the primary water supply from the condensate storage tank is
augmented by a secondary water supply from the 1.5 million gallon city water
storage tank shared by Indian Point Units 2 and 3. Redundant level indicators
and control room alarms are also provided for the condensate storage tank, If
cooldown to RHR entry conditions is desired, RCS depressurization can further
be achieved by manually controlling the AFW fiow and discharging steam from
steam generator reliefs or dumps. In case of the failure of AFWS actuation
and steam generator secondary cooling, however, core heat removal must be ac~-
complished by "feed and bleed" cooling using high head injection pumps and the
PORVs,
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2+3.2 Core-Melt Frequency Calculations for Indian Point 3 Transient Initiat~
ng Events

To enable quantification of event~tree sequences for each of these tran~
sients, Boolean expressions were derived for each of the event-trees, by tak-
ing the union of all of the event-tree sequences belonging to the same plant
damage state, followed by simplifications utiiizing the rules of Boolean alge-
bra. It was found that these Boolean expressions, each representing a partic=
ular plant damage state for the nine different transients, can be grouped to-
gether and expressed in the following compact form.

SLFC = CFI*CS*Const! (17)
SLF = CF2*CS*Const! (18)
SLC = CF2%CS*Const| (19)

SL = CF2*CS*Const] (20)

TEFC = CF2*CS*Const2 (21)
TEF = CFI%CS*Const2 (22)
TEC = CF2%CS<Const2 (23)

TE = CF2*CS*Const2 (24)

The symbols, Cunstl and Const2, appearing in the above expressions are
summarized in the following for the nine different event-trees.

Event-tree

No. Const | Const2
ET-5 A W3 OPI*RI*(L1+MS1) K3*(SA2+0P1)*(L1+MS1)
ET-6 A W3 TPT*RI*(L1+MS1) KI*(SA2+0P1)*(L1+MS1)
ET-7 ¥3 OP2 T*(L1+T1%M82) KI0P2*(L1+T1#M82)
ET-8 K3 DPI*RI*(LI+TTI*MS2) TI*0P2*(L14TTI*MS2)
ET-9 K3 OPI*RIT(LI+TT*MS]) TI*0P2*(L1+TT*NMS1)
ET-10 K3 OP2*RI*KS*LI*0P3 KI*0P2*0OPI*K5*L)
ET-1la X3 OPI*RI*LI To*npaeL)
ET-11b EPO EPI TS W3 OP2*R3*L1  EPO EPI LS W3%0p2¢Ll
ET-12 DP2*RIM(LI4TTI*NS2) OP2*(L1+TTI*#MS2)

The core-melt frequencies computed based on these Boolean expressions and
by adopting the branch-point split fraction data shown in the IPPSS are listed
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and bleed). In case of a failure of SC heat removal, prevention of core un-
covery can b: achieved {f the PORV can be opened and full flow from one of the
three HPLl pumps can be initiated within about 20 minutes after the loss of all
feedwater, Even if the PORV fails to open, this HPI cooling can be carried
out by the cycling of SRVs at their set points of about 2500 psig, provided
that full flow from two HPI pumps can be effectively actuated. This logic is
delineated by the fault tree for the eent tree top event, Uy, as shown in
Figure 15,

2.3.4 Estimation of Core~Melt Frequency Reduction for Oconee 3 Transient Ini-
tiu€T§‘¥]vonts

By taking the union of the event tree sequences belonging to the same
core melt bin in the transient initiating event trees, the following Boolean
expressions for core melt bin II1 and bin IV can be readily derived.

Bin 1I1 = TQB * (Y,x.!..x‘r + UT + P) (25)
Bin IV = TQIPUrYrLXT (26)

To facilitate discussions, the dominant minimal cut sets listed in the Oconee
PRA for these core melt bins are summe-ized in a compact form and shown re~
spectively in Tables 5 and 6, 1t {s noteworthy that all of the dominant mini~-
mal cut sets in bdin II1 belong to the event tree sequence TBU, {.e., failure
of both the SG cooling and HPI cooling. A thorough examination of all the
dominant cutsets belonging to bin 111 further revealed that, for event tree
sequence types A through F, they all comprise a fault-tree primary event
UTHPIH (operator's fallure to make decision to initiate HPI cooling). In the
Oconee PRA, this event is assigned a probadility of 0,01.

The role plaved by the PORV in the HPI cooling can be better understood
by reference to the fault tree shown in Figure 15. The probability for the
cvont UTO2 (HPIS fails with PORV unavailable) is estimated to be roughly 7 x
10~ based on the logic that its happening requires PORV failure concurrent
with the failure of at least two (out of three) HPIS pumps., Meanwhile the
probability for the uy.tcn-lovcl top event, THPl (HPIS fails) can be estimated
to be approximately 1.4 x 10™%, These are much smaller in comparison with the
value 0,01 assigned to the prtlnry event, UTHPIH, and thus constitute the rea-
son why the cut sets containing the event UTHPIH are much more dominant, The
failure of PORV to open for HP1 cooling is further developed in the system-
level fault tree TRC201 (Figure 16). It also suggests that any cut set which
might contain the primary events related to PURV failures defined in the fault
tree for TRC20! can only appear within the sum of all other cut sets in Table
5. The same conclusion was reached after examining all the dominant cut sets
belonging to Types G through J of core melt bin 111, By taking the total of
the sum of all other cut nott for type A through type J in Table 5, one ob-
tains a value of 8,7x10"7 /ty. 1t is clear that not all of this core melt fre-
quency, which can be considered as an upper bound, is due to the failure of
PORV or its block valve, In fact, a rough .l!‘lltt based on an independent
BNL calculation" indicates that no more than 10% of this value is actually
PORV-related, The core melt frequency reduction attainable for the HPI coolo
ing by improving the PORV reliability is, therefore, aspproximately 9.x10" /ry.
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Core Melt Frequencies for Bin 1V

Another {mportant core melt sequence that brings forth several of the

dominant minimal cut sets for the transient initiating events {s TiUTLx. which
involves failures of RCS heat removal by the SC and {ts recovery, and a fail=-
ure to maintain long term core heat removal., This event tree sequence is cat-
egorized as core melt bin 1V, the brief summary of which is presented in Table
6, Since this e’ent tree sequence presupposes the success of HPI cooling, im~
proving the PORV reliability essentially has no effect on reducing the core
melt frequencies pertaining to this core melt bin,

Failure of PORV to Reclose After HPI Cooling

Under the circumstance that HPI cooling is actuated due to the failure of
SC heat transfer, the operators are still expected to continue to attempt to
recover feedwater flow to the SGC so that the HPI cooling can be terminated,
If they succeed in doing so, the PORV or the SRVs used in the HPI cooling
still must face the challenge to reclose successfully in order that no loss of
RCS integrity will occur, The failure of the PORV or the SRVs to reclose af-
ter they are opened for HPI cooling is represented by an event tree top event,
W, failure to (eestablish RCS integrity, in the Oconee PRA. The supporting
logic for this top event {s {llustrated in Figure 17. As can be observed, the
SRVs are assumed to be opened for HPI cooling only {f the PORV fails to open.
Based on the data presented in the Oconee PRA, the probability for the occur=
rence of W is estimated to be roughly 1.5 x 10-9%, Although improving the re-
liability of PORV can lower the probability of W, it {s virtually ineffectual
in reducing the total core melt frequencies because none of the dominant mini~-
mal cut sets belonging to bin 1 through bin IV comprises the failure of the
top event W,

2.4 Low Temperature Overpressurization Protection Using PORVs

2+4,1 General Descriptions of Low Temperature Overpressurization Events

An overpressurization event at cold shutdown conditions can take place as
a result of unanticipated addition of mass or energy to the RCS. Overpressure
ization of the RCS due to a "mass input event" can occur, for example, by a
spurious actuation of the HPI (high pressure injection) system or by a failure
in air supply system which causes the charging flow control valve to open,
whereas that due to a "heat {nput event” can result from erroneous actuation
of all pressurizer heaters or from thermal expansion of reactor coolant after
starting an RC pump due to stored thermal energy in the steam generators.

Relatively speaking, the "mass input event™ has a higher likelihood of
occurrence, and is more difficult to alleviate because of the rapidity of its
progression, However, it can be more easily characterized quantitatively
without performing extensive system transient analysis. 1In this study, there~
fore, attention is focused mainly on the "mass input event." One of the most
credidble mass input events producing a net injection of mass into the reactor
coolant system (RCS) involves fallure in the air supply system, which causes
the charging flow control valve to open and the letdown valve to fail closed.
As a result, a net injection of mass by the centrifugal charging pump and a
very high pressurization rate occurs, Fallure of the charging flow control
valve to operate as required can also lead to a mass input event, This could
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be caused by local valve failure or local failure in the air supply to the
{low control valve. Because the reactor is at low pressure and the centrifu=
g3l charging puaps flow rate increases with decreasing RCS pressure, a large
mass injection causing a rapid RCS pressurization rate would occur.

The PORVs can be utilized to protect the reactor vessel from low tempera~
ture overpressurization by lowering their set point from the regular high-
pressure set point of 2335 psig (for Indian Point 3). Under cold shutdown
conditions, the operator {s instructed to reset PORV control selector switch
to "Auto low Temp Position" so that the low-pressure PORV set polnt of 500
psig can be chosen, To prevent overpressurization of the reactor vessel under
low RCS temperature and pressure, Indian Point 3 is equipped with QFS (Over=
pressurization Protection System), The necessity to have such a protection
system arises from the fact that the reactor steel and wveld materials have
less ductilities at low temperature so that when the reactor vessel is exposed
to pressure stresses, it is more susceptible to crack or rupture, The frac~-
ture toughness of the vessel and weld materials is further reduced by irradia-
tion during their lifetime. The increase in the nil=ductility transition ref~
erence temperature due to radiation damage is primarily a function of the
fast-neutron fluence and the concentration of copper and nickel in the reactor
vessel material. The Inuian Point 3 OPS i{s a three-channel curve tracking
scheme designed to automatically prevent a violation of the reactor vessel
temperature/pressure limit curve defined in the Technical Specifications., It
is activated when RCS temperature falls below 350°F by closing the states link
inside the FCR panel., 1Its arming occurs when two out of three chaanels indi=
cate 330°F. This will open the block valves, MOV 535 and MOV 536, {f the con-
trol switch is in the auto position, thus rendering the PORVs available for
pressure relief in case of an {nadvertent overpressurization of the reactor
vessel,

For plant cooldown from hot to cold shutdown conditions, the Indian Point
3 plant operation procedures further require that other precautionary measures
be taken to prevent accidental overpressurization of the RCS. For example,
the operator is instructed to transfer charging pump control to manual, and,
if the RCS temperature {s decreased below 350°F, to place the control switches
for the safety injection pumps in the trip pullout position., The high-head
safety injection pump discharge valves and all other valves that isolate the
flow path into the RCS are also to be closed., To preclude inadvertent
actuation of the safety i{njection system when RCS temperature is below 200°F,
the operator is further advised to remove appropriate keys from the key locker
to defeat the safety injection logics., All of these preventive actions can
effectively reduce the chance of an inadvertent actuation of the safety injec~
tion system, the consequence of which is more difficult to mitigate due to its
potentially rapid pressurization rate at low RCS pressure, Since the detri~
mental effect of low temperature overpressurization can be more severe if the
reactor is in cold shutdown--vater solid condition, the operator is urged to
exercise extreme caution in such a case,

Besides the reactor vessel, the integrity of the RHR (Residual Heat Re-
moval) loop is of primary concern under overpressurized condition since part
of its piping is designed to operate at relatively low pressure, During plant
shutdown and refueling operations, heat removal from the core and RCS is usu~-
ally achieved oy means of the RHR system. For Indian Point 3, the RHR system
can be placed iu service when RCS {s depressurized to less than 450 psig and
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RCS temperature i{s lowered to below 350°F., The 2ystem is designed to reduce
the RCS temperature from 350°F to 140°F in approximately 24 hours. The RHR
loop is partly protected from overpressurization by two RHR suction valves
(motor-operated) located inside the contalnment., These RHR suction valves are
pressure interlocked to prevent opening {f RCS pressure is above 450 psig.
This precludes {nadvertent overpressurization of the RHR loop. Both valves
are provided with separate pressure channels that sense RCS pressure., Each
pressure ctannel provides two interlocks; first, it prevents the valve from
being opened whenever RCS pressure {s above 450 psig, and =econdly, it auto-
matically closes the valve when RCS pressure exceeds 550 psig., Moreover, to
avoid any single failure from rendering both valve circuits inoperable, each
valve operator and its pressure channel circuitry i{s powered from different
instrumsnt buses, When RHR is in operation, the RHR piping is further pro-
tected from overpressurization by a relief valve which is located near the two
RHR suction valves. Since the RHR suction valves are designed to close auto-
matically whenever RCS pressure exceeds 550 psig, this relief valve can serve
little purpose of relieving the RCS pressure when the RCS {s overpressurized
to above 550 psig.

The Oconee 3 plant is also provided with a low temperature OPS (Overpres~
surization Protection System) similar tc that described above (for Indian
Point 3), although the detail of its mechanism and operation procedures may
differ slightly, 1Its RHR suction line is also equipped with a relief valve
and two normally closed and pressure~interlocked RHR suction valves for the
protection of the RHR loop.

2.4.2 (Calculation of Core-Melt Frequencies Resulting from lLow Temperature
Overpressurization Events

To estimate the core-melt frequency due to low temperature overpreisuri=-
zation events, & simple event tree was constructed as shown in Figure 1|8, The
structure of this uvent tree, which is somewhat ccaservative, is applicable to
both Indian Point 3 and Oconee 3, The conservatism is reflected ‘n the fact
that no credit is given to the RHR relief valve and the pressurizer safety
valves and that a reactor vessel failure is always assumed to result in a
core-melt with a probability of 1.0, As discussed earlier, the RHR relief
valve is designed primarily to protect the integrity of the RHR lines from
overpressurization events. It is also capable of mitigating overpressuriza-
tion of the RCS if the RHR suction valves are open. For rapid pressurization
rate (up to 100 psi/sec pocoiblo"), however, the RCS pressure may create a
spurious high pressure interlock signal leading to automatic closure of the
RHR suction valves (550 psig for Indian Point 1), thus isolating the RHR lines
from the RCS. The initiating frequency of LTOP events is taken to be 0.13/ry
based on the Jata shown in Reference 3, It was computed based on the number
of events reported before 1979 including about 30 events for the violation of
RCS pressure/temperature Technics’ Specifications, Since 1979, consideradble
effort has been exerted to enhance the protection of reactor vessel from LTOP
events by, for example, implementing the OPS (Overpressurization Protectiosn
System) or amending the operation procodurxz. etc, Bven with such enhance~
ments, there have been two reported events '’ of overpressure excursions at low
temperature, In addition, from 1979 to mid=1983, there were at least ten re-
ported incidents in which the OPS prevented or mitigated a lovw temperature
overpressurization event, It {s noteworthy that some of these incidents were
caused by inadvertent actuation of the safety injection system, This serves
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a4s a warning that, despite the efforts made to i{mprove the operation
procedures as discussed earlier, accidental actuation of the safety injection
system at cold shutdown condition can still lead to low temperature over=pres-
sure events due to human error, or fallures of certain compenents, The first
of the two LTOP events, which occurred at Turkey Point Unit & in November
1981," was caused by one overpressure mitigation system (OMS) channel being
out for maintenance, while the other (redundant) channel was disabled by unde-
tected errors, The second event occurred as a result of undetected equipment
malfunctions, Each event was initiated with a pressure spike resulting from
the start of a reactor coolant pump which led to isolation of letdown by suto-
matic closure of the RHR system isolation valve, In view of these data, it is
not unreasonabdble to assume that the initiating frequency of LTOP events which
can potentially challenge the PORVs remains roughly unchanged from the pre-
1979 level (i.e., 0.13 events/reactor year)., The prodability for the failure
of operator to reset the switch to the low=pressure PORV control mode is taken
to be 0,01, based on NUREG/CR=12781% yhich gives the human error probability
(HEP) for failure to follow this type of procedure. The probability of reac-
tor vessel failure under low temperature and overpressurized conJditions is
conservatively assumed to be 2,x1077 (at an assumed mid-1ife of th. vessel
corresponding to a fluence of 8,2x10'® neutrons/ca?) based on the results of
prodabilistic fracture-mechanics calculation performed at Oak Ridge National
Laboratory for Oconee~l, by using Monte Carlo uchniquu.x In the Oak Ridge
study, probabilistic fracture-mechanics calculations were carried out to de-
termine the conditional probability of vessel fallure for a number of postu=
lated Oconee-] transients involving overcooling and pressurization of the re-
actor vessel, This vessel failure probability is of the same order of magni~
tude as compared with those shown in Reference 3, which were obtained by using
the Vessel Integrity Simulation Analysis (VISA) de. For the Oconee ) vessel
and a vessel with high copper (0,35%) and nickel (1.,00%) contents, the proba-~
biliey ?‘ vessel fallgre at 2485 psia peak surge (with an estiwated fluence of
8:5 x10 " neutrons/ce® at the mid-1ife of tha vessels) was found to de
1.5%10°? and 2.2x10" respectively, 1If the peak surge pressure is lowered to
1200 psia, the vessel failure probadility becomes much lower (7.0E-? aad
7.0E=6, respectively at the mid-life fluencr), Note, however, that the pre~
dicted prodabilities of vessel failure at 2485 psia peak surge and at the end
of the life fluence (1.4x10%? neutrons/cm?) are 2.68=3 and 2.7E-3, respective=
ly. At the present conditions (5.2 and 8 effective full power years for Indi-
an Point 3 and Oconee, respectively) the cond%tioual probability of vesse
rupture is substantially smaller (about 3x10"° for Indisn Point and 8x10"° for
Oconee)s The results for this study are summarized in Table 9. With the un=
availability of one PURV taken to be 0,015 for Oconee 3, which has only one
PORV, these conservative assumptions yield a core-melt frequency of about
4.8x10"%/reactor year. For Indian Point 3, which has two PORVs, the probabdile
ity for failure to provide RCS pressure relief with one PORV is roughly
3.6x10"Y,  This ylelds a core-melt frequency due to low temperature overpres=-
surization events for Indian Point 3 of approximately 2,6x10"%/reactor year,

To quantify the benefit of improving the PORV reliability, it is neces~
Sary to remove the human error contribution from the unavailability of the
PORV, In estisating the vnavailabilities of the PORVs for both Oconee 3 and
Indian Point 3, the block valves were assumed to be 60% of iNe time closed
prior to demand. The probabdility for operator's failure to open the block
valves when the PORVs are demanded for pressure relief due to LTOP was taken
to be 0,01, The unavailabilities of the PORVs excluding the human error con-
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tribution are 9.1x10"% and 3.5x10"°% respectively for Oconee 5 and Indian Point
3. Therefore, if the PORVs and the associated block valves can be improved to
funstton perfectly, the core melt frequency can be reduced b{ (0.413) (9.1x
10°%)(0,001%) = 1.9110"/ty for Oconee 3 and (0.13) (3:5x10%7)(0,0015) »
6.8x10%%/ry for Indian Point 3., Note tnat the larger core melt frequency re-
duction found for Oconee 3 is partly due to the larger unavailabilities of
PORV and block valve for Oconee 3 as compared to those for Indian Point )
(4e9E=3 ve, 5,0E=4 for PORV, and 6,0E~3 ve, 1.5E=3 for block valve). 1If the
Iindian Point 3 unavailability data were used in the Oconee 3 calculation, the
uncvctlsblltty of the PORV excluding the human error can be shown to bc’
2,4x10%% 30 that the cove melt frequency reduction would become 4.7x10%7/py

va “sr than the 1.8x10"*/ry shown above. The benefit of having two PORVs in-
stead of one cuuld further become less evident if credit were given to the RHR
relief valve in (he forego!ng analysis.

It should be emphasized thet, due to the ~omplexity of the prodlem and

the many uncertainties involved, these resu 1 only be considered as rough
estimations bdased on several assumptions, wore precise analysis,
further studies are required particularly : ureas of OPS control logile,

RHR relief valve avallability and capacity, .el fallure probability, and
vessel fracture size and location,

Finally, it should be added that some preliminary information developed
from recent GI-94 studies suggests that the above BNL study is overly ~anser~
vative in fmplicitly assuming that the probability of reachisg a higi . . sure
condition in the reactor vessel for every LTOP incidence is "one" (1) B
ic Issue 94 {s involved in performing an {n-depth study of L% LTOP {ss. .
Data collected from operating plant experience shows that without protection
agalnst LTOP, there was about a 30% chance that the initiation of an LTOP
event would result in vessel pressures sufficiently high to threaten the ves=
sel, Furthermore, the most recent operating experience since LTOP protective
measures have been in place, indicated that there is now only about & 10%
chance of reaching high presiure on the initiation of an LTOP., On the other
hand, recent preliminary G1-94 studies into the mechanism of vesse)l fracture
and failure suggest that past estimates of the likelihood of vessel faillure
from the high pressures sometimes resulting from LTOP events, such as the es-
timates upon which the above BN, evaluation was based, may have been noncon=
servative, In sumsary, this most recent information indicates that there is
probably less chance of achieving the high pressures required during LTOP
events to cause vessel failure than was assumed in the BNL studies, but for
that fraction ot those events where the higher pressures are reached, there is
probably a higher chance that the vessel will fail than was assumed by BNL.
Since these two factors tend to offset each other it is not believed that the

conclusions of this study should be changed at this time basad on this prelim-
inary GI-94 information,

2.4,3 Estimated Consequences for Low Temperature Overpressurization

The previous calculat!ins provided an estimate of the core damage fre-
quency on the assumption that a brittle fracture of the reactor vessel would
lead to a core melt with a probability of 1,0, Although the ECC systems would
be available, there is very little basis for an assumption that & reactor ves~
sel rupture (if it occurs) would be small enough to prevent core uncovery even
with ECC operation, Similarly, it is difficul: to quantify the condition of
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the containment at cold shutdown conditions. It i{s assumed that the contain-
me... would be open about 50% of the time since refueling, tests and mainte-
nance would be expected at cold shutdown conditions, Thus, we have attempted
to determine the offsite radiological consequences for a low temperature over-
pressurization event assuming that the melt occurs into an open containment,
The release estimates have been obtained !® with the STCP for a late core melt
with containment bypass. These estimat.d release fractions are summarized in
Table 7 which forms the basis for the following consequence calculations.

The CRAC-2 code '® was used to calculate offsite consequences for the
"source term" given in Table 7. The iaput conditions are summarized in Table
8. The total health effects for this typical eastern site are found to be
9x10° person-rem over 30 years., Although there is some uncertainty in the
source term given in Table 7 and the health effects may change depending on
site specific weather patterns and population, the uncertainty in risk is dom-
inated by the uncertainty in core melt frequency. Thus, no attempt has been
made to provide an uncertainty range on the consequence estimates. It would
also be inappropriate to obtain worst case consequence calculations and com-
bine them with worst case frequency estimates.

The total risk is estimated using the range of core melt frequencies
based on the vessel failure probabilities over the life of the plants along
with the calculated consequ¢n-~e (9x10°8 person-rem) and is given in Table 10.
Thus, the total present risk . {mate for Oconee is about 1.2 person-rem/reac-
tor year gnd approximately O.. erson-rem/reactor year for Indian Point, How=-
ever, the risk increases with e age of the vessel up to a maximum of 21 per-
son-rem/reactor year for Indian Point and about 40 person-rem/reactor vear for
Oconc> at the end of life.

2.5 Use of PORV as a High Point Vent to Supplement the Function of RVHVS

The primary purpouse of the reactor vessel head vent system (RVHVS) {s to
remedy the undesirable situation in which inadequate core cooling or impaired
natural circulation is created by the accumulation of noncondensable gases
(such as hydrogen) in the RC:. This system is normally designed to remove
noncondensable gases or st2am from the upper part (upperhead) of the reactor
vessel and discharge them through a reactor vessel head vent piping, which ul-
timately merges with the PORV discharge line, {':to the pressurizer relief
tank. An additional letdown flow path i{s provided from the RVHV to the excess
letdown heat exchanger in the chemical and volume control system. A typical
schematic diagram of this system can be found, for exasple, in the Millstone
Nuclear Power Station Unit 3 FSAR (Figure 5.4~17)., The reactor vessel head
vent piping consists of two parallel flow paths with redundant isolation
valves provided for each flow path., The venting operation, however, employs
only one of these flow paths at any one time. In other words, if for any rea-
son, one flow path fails to provide venting, the r:dundant path is used as an
alternative path,

Since the reactor vessel head vent piping eventually merges into the PORV
discharge piping before reaching the pressurizer relief tank, a question can
be raised as to whether the pressurizer PORVs can be effectively used as a
high point vent to supplement the functions of RVHVS, in case the latter sys-
tem fails. 1In particular, the NRC is interested in finding out how much re-
duction in core meit frequency can be achieved by improving the reliability of
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the PORVs if PORVs are used, in combination with the RVHVS, as a high point
vent to remove the noncondensable gases.

To resolve this problem, it should first be pointed out that, for the
noncondensable gases (such as hydrogen) to accumulate in the RCS in signifi-
cant amounts so as to block natural circulation flow, certain degree of core
uncovery must have already taken place. This post=-core melt condition is be~-
yond the scope of current PRA for computing the core melt frequency. Second-
ly, although the Reactor Vessel Head Vent System (RVHVS) or the PORVs may be
effective in venting the hydrogen accumulated in the upper-head or hot-leg re-
glon, they may not be capable of venting hydrogen which could build up in *%:¢
candy-cane region or at the top of the U~tube steam generator. Thirdly ({t
should be remarked that, although the blocking of natural circulation f 5w can
cause failure of RCS heat removal by the steam genzarators, core heat removal
may still be achievable by using HPI cooling (feed and bleed) if both the HP1
pumps and the PORVs are operational.

To estimate the unavailability of RVHVS, a fault tree was constructed
based on the schematic diagram shown in Millstone 3 FSAR (Figure 5.4~17), to
depict the logics for the failure of RVHVS path to open for venting on de-
mand., Quantification of the fault tree, however, revealed that, due to high
redundancy, the unavailability of the RVHVS was rather small (approximately
4.,0x10"%), The probability of failure to vent noncondensable gases using
either the RVHVS or the PORV is even smaller (less than 10~%).

To assess the impact of PORV unavailability on the core damage frequency
when it is used in conjunction with the RVHVS for the vencing, an attempt was
made to merge the fault tree developed for the RVHVS with the existing fault
trees (such as those shown in the Oconee PRA) delineating the failure of RCS
heat removal due to loss of RCS recirculation., Such an attempt, however, was
in vain, because the two kinds of fault trees were found to be incompatible
due to discrepancy in the timing of relevant events. As pointed out earlier,
before any significant amounts of noncondensable gase~ can accumulate in the
upper part of the reactor vessel so as to hinder natural circulation, certain
degree of core uncovery or damage must have already taken place. The fault
trees or event trees developed in the Oconee PRA or the IPPSS, however, only
deal with events which occur prior to onset of core damage. Unless these
fault trees are drastically modified to include the events occurring after
partial core melt, they cannot be logically combined with the fault trees in-
volving post-core melt events, such as the formation or venting of nonconden-
sable gases. This leads to a conclusion that, although the RVHVS, with or
without the backup of PORVs, may be effective in mitigating the consequence of
core demage at its early stage, we are unable to assess its possible impact on
reducing the core damage frequency defined within the scope of the current
PRA.




K=2 HM-u L=) (P-aaCF £s SL OP-Sap-4

1 Succg
& vai
3 LEax
4 vau
S sutte
6
8

vay

LEaK

vl

9 SuCtt
10 vey
11 vaiL
12 LEAK
13 velL
14 veL

P
A
il
oo
s
R
S —
ke

16 wvegz2
17 veg2
18 Liax
19 wvee2
20 wveEz
1 sucte
22 veL
23 vaL
24 LEgax
25 wveal

26 vaL
27 succe
28 vaL
2% wvauL
30 Lfaxk
n vaL
32 vai
33 succe
3¢ veze
I veee
36 LEAK

3% suCce
40 wvaL
a4 vay
@2 Lfax
43 v,
44 vaL

Figure 1.

45 Succe
% vaL
47 vaL
48 succe
49 vere
S0 wver2
St Succe
s2 wvaL

TS i— S VB

: S4 LEak

——
——
—r—
3 v
S
—r—
—r—
——
——

L —— 5% .\!EE

57 wagy

——— %3 :9-':

SGTR event tree (Indian Point 3),

NPT ——



L - —pr——

.

2-32

CS SsL

K=2 WM-a L-3 QP-4nCF
1

il

-
g
-

TR

Figure 1.

(Continued)

SUCCe
SUCCE
Vel
LEax
Vel
SUCSE
veL
LEAL

succe
val
vaL
LEax
vaL
vel
succe
vaie
vetz
LEAL
var2
vera
sucee
vaL
vaL
LEax
valL
vaL
sucse
vaL
vaL
LEAK
vaL
va
sucee
verz
vii2
LEAK
varz
vege
succe
val
vaL
LEAK
vaL
vaL
vagl
vagy
vagl
vzl



WoAS S Biyse @@ W NG ey

73

T SL

SCTRSD O IV SGC  OPas MS AJ AC Al 3N sg
: T

succe
SUCCe
Suctte
sueee
LEAK
LEak
succe
LEAK
LEax
16 sutce
e il succe
i 12 sucece
13 SuCcE
14 (fax
1S LEax
16 SsuCce
17 LEAK
18 Lfax
19 LEax
20 LEax
21 Ssutce
€2 sutee
e3 succe
24 Lfax
25 Lfak
26 Suclt
27 Liax
28 suce
29 succe
30 Sutc
N LEAK

vy

I

Koo

e e —

—

g
e —— 3T LEAK

R

R

b*—**

e

 —

—-_1——-—

‘ Lo

VO DA

-

33 sucee
34 LEax
3% LEak
36 Sutce
37 suect
38 succe
39 LEa
40 Lgax
41 Succe
42 LEax
43 succe
44 Syucce
43 SutcCg
46 LEAK
47 LEAK
48 Sutct
49 LEAx
30 LEac
L S! LEax
3@ LAk

Figure 2, Event tree for SGTR event, SL (Indian Point 3).




2-34

.

20.05l

FAILRE OF OP4)

0.05

i

LOMCR RCS PRCSS AND
CONTROL STM PRCSS

OPCRATOR FAILS TO I

FAILURE TO LONCR RCS
PRESSURE

1.8x10"°

5.3x10"

3.&x10-d
L

FRILURT 10 LOMCR RCS
PROSSURE wiThw ONC
PORY

A

3

—
FAILURE TO LOWMCR RCS

3

FAILURE TO CONTROL
STCAR PRCSSURE

1

PRESS wiTw
FRESSURI2LR SPRAY

STCAM OUrP SYSTCM
FAILS TO OPCRATC ON
0

o |
FAILURC 10 USC OTMER
STCAn PATH

v ="

— €

PROSSUR LR SPmAy
FAILS TO OPCRATC

INTCRRUPTION OF
NORMAL AC POMCR

@)

o

O

]

4.9%x10" 10™% 3x10™"
4 | 1
SPRAT COATROL vALYLS FRILURE IN INST AIR LOSS OF POMCR 10 TItc
FRIL T0 OPCN STSIE™ SPRAT CONTROL vALVES
= = B

Figure 3.

Fault tree for SGTR event, failure of OP=4],




2-35

FRivoa 15 ot 09

g | 3 4xi0™
1.85x107% | _ 1.85x107°
POVOSSC FORy pate POrity PRy paim
RS 19 e ALY 19 e
-2 Eﬁ; §§
1.15x10 Bp T
S o e
g ”ﬂu Nm
-2 -3 -2
1.05x10 1.01x10 0.6 F.17x10
,’ﬁ";ﬂﬁ] a’.@ R T

Ea L PR

o

=4 -2
10°5 1073 2x10 1.15x10
on;n.(.:‘&f‘;.‘; " x t::!:“’?ta: ° Wy ‘;r'.' AT g ROs vaC ras 1

T

S ——

O

ksl

-4 T e
Hardware failure = 5x10_, Zﬁr .
Operator error = 1x10 = D
Sum = 1.05)&10.2 ﬁ

Hardware failure = |, 51:1023
Operator error = 1,0x10

Sum = 1.15::10-2

Py —
Plvass TAILS %0 PIa
> weg

-
POV FALLS 1D e

—

O R m e v
Loks »o "M L]

=

'

FRiLm ¢ sowmt
SrLita

S——
PR —
RS N]

_—

8 TovIeL POule g
POveSe Lo81

O

O
—x

Figute 3.

ot
i)

————— i)

T Frm g BXLE
e ,‘...:f,f'

A

“‘""'.“n T

@)

(Continued)



r~

-36

: Steam Generator Tube Rupture, initiating event

: Failure
: Failure
: Failure
: Failure
: Failure

Figure 4,

of the RPS (Reactor Protection System)

of RCS heat remova)

of HPI

to achieve long-term cooling at cold shutdown
to maintain long-term cooling at hot conditions

K BR UR XR 0 Sequence Type-bin
R NCM
[r— RXR NCM
ermmtere . RXo0 CM-TIR
RUp CM-IR
RE NCM
T RBX, NCM
| ————  RB,X0 CM-11R
RBoUp CM-1R
RK TWS

Event tree for SGTR initiating events (Oconee 3).
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Figure 5. Fault tree for top event, Xp, fallure to achieve
le.g term cooling at cold shutdown (Oconee PRA).,
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Figure 10, Event tree for small=-break LOCA events (Oconee 3),

K Us Ys XS Sequence Type-bin
1
S NCM
SXS CM-11
Q SY, NCM
SYSXS CM-1
- SUS CM-1
SK TWS
S : Stuck-open PORYV (smal) LOCA) initiating event
K : Failure of the RCS to trip the reactor
Us t Failure of core-heat removal by HPI (1 of 3 pumps required)
Ys : Failure to maintain RCS makeup supply
Xs ¢ Failure to maintain long-term heat removal



Q 8 P Uy s L W Xy Sequence|Type--bin
|

T NCM
8 NCM

fl ETBH S LOCA
[ TBL NCM

—— TBLX, CM--1v
T8Y, HCM

ZZETBYTW S LOCA

Pr— TBVTL NCM

S—— TBYTL!(T CM--111

TBUT (M-=111

TBP CM=-111

7&0 $ LOCA

Zja E’: K TWS
Event

Occurrence of a transient initiating event

Failure of the RPS to trip the reactor

Loss of RCS integrity

Failure of RCS heat removal via the steam generators
Failure to provide RCS pressure relief

Failure of core-heat removal by HPI cooling

Failure to maintain RCS makeup supply

Failure to recover RCS heat removal

Failure to reestablish RCS integrity

Failure to maintain long-term core-heat removal

HMEMTM < C OO x4
-4

-

Figure 11, FEvent tree for transient initiating events (Oconee 3).
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Figure 16, Fault tree for top event, Up, failure of core heat
removal by HPI (Oconee PRA , continued).
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Low Temperature PORY Consess Failure to Provide Vessel Integrity
Overpressurization Mode Selector RCS Pressure Relief Lost Frequency
Inftiating Events PuiSeh a With One PORY  KReactor Vessel
Correct Position at Mid"LifQ)
NC
NCM
1.8 x 10°°
3.,
0.13/p%art year s 1.5x10_3 6
™ 2.9x10 ,
(7.1x10 ")*
NCM
.01
1.5%10°3 ]
(8] 1.9x10
*For Indian Point 3, which has two PORVs. Total Core Melt Fregquency e a.exlo”’

(2.6x10"%)#

Figure 18, Event tree for low temperature overpressurization
protection using PORVs,
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Table 1
Summary of SGTR Core Melt Sequences and Frequencies
(Oconee 3)

Sequence No. of Dominant Core Melt Description of
Type Cut Sets Frequency/RY Sequence

I. Bin IR: Event tree sequerce R ERUR

A 2 3.9x10~7 Pailure of HPI due to
BWST failure to pro=
vide suction to th~
HPI pumps

B 4 8.5x10~7 HPI failure due to
human errore and
hardware faults in
the HPI suction valve

c 1 1.2x10"8 HP1 failure due to
loss of low pressure
service water

Sum = 1,3x10"®

Total Frequency for Bin IR = 1,3x10~%

‘ 2 ——
IT. Bin IIR: Event tree sequence R BRURXRO

A 2 4,0x10=7 A MSRV on the faulty
8G stuck=open., Oper=
ator fails to refill
the BWST and DHR
fails.

B 7 7.4x10"7 LP1 system fails to
operate for HPR or

DHR. Operator fails

[— to refill the BWST,

Sum = 1,14x10~8

Sum of other Bin IIR cut sets = 2,7x10~7

Total frequency for Bin IIR seq. = l.4x10"®
Total core melt frequency for SGTR

initiating events . 2,7x10"%
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Table 2

ore-Me |t
Frequency
Eventa N, of importent onse= |[from Dom= |7 (al) other |Total Core-elt
Sequence Tree Inant | quences Lead!ng to |Inant Cut |cut sets) frequency
Type Sequence Inltiating Events Cut-Sets Core we |t setsiyr=1) (yr® ) (yr® )
A SY Xx Smal| break LOCA, 13 High pressure 4,93x10"8 |3, 4x10°® s, 0x10°8
o reclrculation
tallure,
8 QU Loss of LPSW, loss of ¢ RCP seal LOCA w!th 5.8:‘0'7 9.3:‘0'9 5.9:10'7
’ power on bus 3TC, or no MP| avallable,
rsactor or turbline
trlp tollowed by LPSW
pump fallure,
¢ su_ sl bresk LOCA, ‘ WP tallure, 4, 18x10°7 {2,510°8 |4, ax10°7
) Teu Loss of Instrument 5 RCP seal LOCA with |2,5x10%7 J— 2,5%10°7
alr, no HP| avalleble,
£ Tou Follure of bus 31, 28 Loss of MFW, EFW 71108 [2,4x10°8 1,0x10%7
s
or loss of LPSw and HWPI, Stuckeopen
followed by loss of SRY (llguld
MEw, dlscharge),
F Tou, Loss of Instrument 40 Fallure of EFw ang |6, 3x10°% |1, 8x10°8 7,8x10°8
alr, lass of ottslte HPI, Stuckeopen SRY
powei or large (1lquld dlscharge),
feedwater |ine bresk,
G T, U Fallure of 3 Stuck=open SRV 6.3x10°% |5, 35109 6,83x10°8
pressur lzer control, (steam discharge)
HP| tallure,
H TmOY'l. Large ‘eedwater |Ine 2 Stuck=cpen SRY 1,4x10°8 o 1 ax10=8
break Inslde reactor (1lquld dlscharge),
bullding, Fallure to Inltlate
KPR wlthin 2 hrs,
| T Loss of 811 ac powsr, 2 Fallures of TOEFWP [8,11x10°8 |  aee. 8,1 1x10°8
and SSFASW, Stucke
cpen SRY (I lquld
dlischarge),
6.48x10°8 11, 13m10°7 6, 8x10°8
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Table 4
Calculated Core=Melt Frequencies for Transient Initlating Events
(Indian Point 3) (All eight electric power states included.)

Core=Melt Frequency

Mean Annual Core=~Melt with Improved PORVs
Event= Description of Frequency Frequency and Block Valves
Tree # Transient (yt'l) (ye=1) Reliability (yr“)
5 Steam=line break s
iuside contain=- 2,8x107 R
ment 2.16x10"3 (2.8x10"7)* 1.5%10™
6 Steam=line break "
outside contain=- 2.8x10"7 ’
ment 2,16x10™3 (2,8x10"7) 1,5%10"
7 Loss of main 5.7x10’; %
feedwater 3.8 (6.5x10% ") 3.4x10%
8 Closure of one
main steam 1.4x10"8
tsolation valve 8,98x10"? (1.4x10"%) 8.0x10™°
9 Loss or reactor
coolant system 2,6x10"8
£low 1.71x10%} (2.9x10" %) 1.5x10~ 8
10 Core power 1.4x10=18
excursion 2.57x10~2 (0) 8,0x10"16
lia Turblne trip 4.1x10%7
(general) 2,72 (6.6x10'7) 2,4x10"7
11b Turbine trip
(loss of off= 5,8x10" 6
site power) 2.66x10"} (6,7x10™%) 5.8x10"5 #a
lle Turbine trip
(loss of ser~- 8.5x10~8
vice water) 2.16x10~3 (5.3x109%) 8.5x10¢8
12a Reactor trip 2.86 4,3x10"7
(3.9x10"7) 2.6x10"7
12b Reactor trip
(loss of compo= 3.3x10"8
aent cooling) 2,16x10"2 (3.3x10"9) 3.3x10"8
| Sum 7.93x10"8 7.08x108

*Values shem inside brackets denote the corresponding results presented in
the IPPSS.
**Event-tree sequence 4l (a small LOCA due to RCP seal fallure) and electric
power recovery not considered
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Table §

A @rlet Suwmary of Bln 1| Core-Malt Sequences (Oconee PRA)

(ore-Me |t
Frequency
Evente o, of impor fant (oase= (From Dome |7 (8!l other|Tote| Core-Melt
Sequence Tr ee Cominant | quences Leading to |Inent Cut lcut sets) Frequency
Type Sequence ‘nitlating Events Cut=Sets Core Me !t Sets( yr") (yr® L (yr® )
A 1,80 Loss of maln feeds 8 Faliures ot EFW ang |5,28x10%7 [2,6x10"7 1, 19x10°8
v ter, WP cooling,
B T,Bu Loss of condenser 4 Loss of MFW and EFw 2.9-10‘7 l.?no" 4.!-!0’7
vecuum, MP| coolling also
talls
¢ TBY Turblne #rlp or other 10 Loss of MFW and 2,6m10°7 frem10°7  la,27m107
transient Initlating tallure ot EFN,
event, Ffallure *o Initlate
MP| cooling,
0 1,80 Loss of ICS power, | Loss of MFW, o ox10"® [2,0010°% |6, 0x10°8
tollowed by
taliures ot |
cool Ing and EFW,
£ Ty g8Y Large fesdwater or \ Loss of MFW and . 110°% |7,6x10°8 4, 78x10°®
condensate | Ine EFw, Operator falls
break, to Inltlate WP
cool Ing,
F TRY Loss of Instrument 15 Loss of MFW and 4,60x10"% |6, 6x10"8 4,67x10%8
alr, or loss of tallure ot EFw,
otts!te ocower, Fallure to recover
teedwater, Operator
tall %o Initlate
Wi cool Ing,
6 ™ Fallure of lows 7 W pumps talivre, [1,46x10"% |4, ax10"8 amac®S
pressure service Fallure to Initiate
w ter, SSF seal Injection
within 30 min,
leads to a wmall
RCS leak with
Inablilty to makeup
H ™ oss of Instrument ‘ Loss of |etdown woxio®? [r,2x0°7  |z,2x10°7

Lolr. or loss of

jotts]te power which
result In loss of
Instrument alr,

storage tank makeup,
Flow *o WPI pumps
not avallable, Seal
Injection tellure,
Slow RCS leskage
Flvn no ablllty to

akeup,
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Table 5 (continued)

Dre=Melt
Frequency
Evente N, of Important Conse- Fraom Dome E (all other |Tota| Core-Me!t
Sequence Tree Cominant | quences Lead!ing to |Inant Cut [cut sets) Frequency
Type Sequence inltlating Events Cut=Sets ore We !t 56 tsl vr“) 3 e ) (yr® )
| TBU Loss ot ac power for 1 Follure ot st inddby |2,6x10°8 ——— 2,6x10"8
Foro then 12 hrs, shyutdown facll |ty
RCYCS to provide
seal [njection In
30 min,, followed
by gradual ioss of
RCS Inventory, loss
of SG heat transter,
RCS bolls offt,
J TBU Loss of all ac power 2 Turblne=driven EPWP 2.9:\0'. ——- 2.9«!0"
for more then 2 hrs, falls, SSF talls to
provide SSF ASw
within 30 min, RCS
bolis ott,
2,96x10%% [g, 7107 |2,68x10°%
. . .
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Tadble 6

A Brlet Suwary of Bln |v Core-Melt Sequences ((conee PRA)

Sequence
Type

Events
Tree
Sequence

inltlating Events

N, of
(ominant
ut-Sets

lmportant (onse=
quences (eading to
ore Me !t

(Dre=Melt
Freguency
From (ome
Inant Cut
Stsiyr= b

I (all other
cut sets)
tye* by

Tota| Core-Me!t
Frequency
(yr® 1)

TBUWLX

TBU YWLX

Loss of otts!te power

and tallure to
recover oftfslte power

o MFW and Instrument

alir system for at

|oast 12 nhrs,

Same as above,

MFW ynavalliable andg
EFW !s lost due to
var lous turdlnes
dariven EFW pump
tallyres, WP
cooling talls In
aboyt 6 hrs, due to
HP| pump room
flood|ng, SSF talls
to provide seal
Injection and teed-
water to the
secondary slde
within 30 min, on
loss ot WP,

MFW ynavaliable and
EFW 1s lost due to
varlous turblnes
drilven EFW pump
tallures, comblines
wlth loss of
suction *o motore
ariven cFu pumps,
WP cooling Is
successtul , WPR
falls at 12 nrs,
SSF talls to
provide seasl
Injection or feed=
water to the
secondaryes|ds,

2.0!'0..

1,52x10°7

l.?:lﬂ'.

1. ox10"8

v, 2x10°8

162x10°7

1122107

2.2x10°8

1o9ax10~7
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Table 7
Estimated Environmental Release Fractions for a Core
Melt Accident Resulting From a Low Temperature Over~
pressurization Event With an Open Coatainment

Environgental
Species Release Fraction
Kr 1.00
1 o2
Cs 088
Te 17
Sr .05
Ru .005
La 014
Ce 003
3a 005
Table 8

Summary of Input Assumptions for the CRAC=2
Consequence Calculations for a Core Melt
Accident Resulting from a Low Temperatur?z

Overpressurization

Population Distribution Uniform

Population Density 100/8q. =i,
Weather Conditions Typical eastern wind rose
Accumulated Period 30 years
Evacuation Delay 2 hours
Warning Time 4 hours
Table 9

Estimated Reactor Vessel Failure Probability For a
Low Temperature Ovorprossu;e Event (T<100C and P=~2485 psia)
Based on ORNL® Structural Analyses

Failure Probability
Per Reactor Year

Indian Point 3 Oconee
Present Conditions x10™% 8x10~ %
Mid-life of Reactor
(22 full power years) 1.5x10"? 1.5x10"?
End of Reactor Vessel Life 2.6x10"? 2,6x10" 3
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Table 10
Total Estimated Risk for the Low-
Temperature Overpressurization

Risk (Person=-Rem/Reactor Year)
Indian Pt, 3 Oconee 3

Present Conditions (Early in reactor vessel life) 0.2 1.2
Mid-life of Reactor (22 years full power) 12 23
End of Reactor Vessel Life 21 40
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M arzlysis was pertormed to exploce the Fisk r
block valve rellabliity for two representative PWR pl
tocused upon particular translent scenarios including
PORY, cooldown to cold shutdown, and the yse of PORY |
protection, The feasiblility ot using *he PORY as & hlig
vesse! Head vent System (RYHYS) was 8iso studled,

ction potential of Improving the pressurizer PORY and
ts, Inclan Point 3, and Oconee 3, Attention was

eam generator tube rupture (SGTR), 8 stuck=open
Owetomperatyre overnressurization (LTOP)

olnt vent 1o supplement the function of Reaztor

The pertinent event trees, faul® trees, and the basic
Satety Study (IPPSS) and the (xonee PRA were utillized to g
valve relladbliity in terms of poteAtial reduction in core
core=me !t trequency calculations /were made based on the Bool
states, For Oconee 3, the compdhents of the dominant cut set
Oconee PRA were glven thorouwgh scrutiny to determine their rel
of the PORY and its block valve,

ta presented In the Indian Point Probebl!iistic
tity the benetit of an improved PORY and block
frequencies, For Indlan Point 3, Independent
expressions derived for verious plant damage
ngd the detalled fault trpes shown In the

ance to the hardware or cperational tallyres

table to PORY or block valve fallures were

With the excestion af LTOP, the core-melt fregue-cles attri
i the total core-melt frequency due to

tound to be relatively Lesigniticant, only & very small fraction
'nternal evenrts, \

For the case ot LTOP, the core melt frequency and assoclated
and Ocones 3 since the vessels have not had a substantial fraction
The results of a conservative estimation of health effect, however,
events may become more significant late in plant |ite when the aging
increased vulnerablility, T™eso effects are being studled In more dep
Issue Number 94,

k appear to be small for Indian Point 3
thelr estimated |itetime irradiation,
dicate that the public risk from LTOP
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