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The work presented in this paper was performed by Brookhaven National laboratory
(BNL) in support of Nuclear Regulatory Commission's (NRC) effort towards the res-
olution of Generic Issue 105 "Interfacing System Loss of Coolant Accidents (LOCAs)
at Boiling Water Reactors (BWRs)." The Reactor Safety Study1 identified an inter-
facing system LOCA in a pressurized water reactor (PWR) as a significant contri-
butor to risk from accidents that result in severe core damage. For BWRs, inter-
system LOCA have typically either not been considered in probabilistic risk analy-
ses, or if considered, were judged to contribute little to the risk estimates be-
cause of their perceived low frequency of occurrence. However, recent operating
experience indicates that the pressure isolation valves (PIVs) in BWRs may not ad-
equately protect against overpressurization of low pressure systems. In fact,
four events of overpressurization of low pressure systems have already occurred at
BWRs. The objective of this paper is to present the results of a study which
analyzed interfacing system LOCA at several BWRs. The BWRs were selected to best
represent a spectrum of BWRs in service using industry operating event experience
and plant-specific information/configurations. The results presented here include
some possible changes in test requirements/practices as well as an evaluation of
their reduction potential in terms of core damage frequency (CDF).

All lines penetrating the containment for each of the selected plants were identi-
fied using the tables of the containment isolation valves listed in the Final
Safety Analysis Reports. Screening criteria were used to eliminate those lines
that are not interfacing lines, or those lines that are interfacing lines but for
which the frequency/risk of an Interfacing LOCA was judged to be low compared to
the obvious lines (e.g., residual heat removal (RHR) suction) that were considered
in detail. The lines that were analyzed in this study were the emergency core
cooling system (ECCS) injection lines, the feedwater lines, the decay heat removal
suction and return lines, and the steam condensing lines to the RHR heat ex-
changers. In particular, the feedwater line had not been recognized as a possible
interfacing line in past PRAs as the system was considered to always be operating
at pressures above the primary system. The discharge side of the feedwater pump
is connected to the reactor coolant system, however, the suction side is of low
pressure design. If a feedwater pump trip occurs and the check valves in the dis-
charge piping fail open, an interfacing LOCA may occur. Reference 4 provided an
analysis of such a scenario using the experience of the San Onofre event as evi-
dence of common cause failure of the feedwater check valves.

For each of the lines identified, the PIVs were identified. Typically, for the
plants analyzed, the ECCS injection lines have one air-operated check (AOC) valve
inside the containment and one or two motor operated valves (MOVs) outside the
containment, the steam condensing lines and the RHR suction lines have two MOVs in
series. The MOVs, except those in the high pressure injection systems, are
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equipped with interlocks that prohibit valve opening if the system pressure is too
high. Since the experienced overpressurization events are related to test or
maintenance activities, the surveillance requirements for the PIVs and the asso-
ciated systems were identified and the test procedures were collected and re-
viewed. The tests included local leak rate tests (LLRT) for containment isolation
values, leak rate tests for PIVs, operability tests, auto actuation tests, etc.
All interfacing lines identified for the selected plants penetrate the contain-
ment, and some of the PIVs are also containment isolation valves. Containment
isolation valves are subject to 10CFR50 Appendix J requirements, namely, leak
testing once per refueling and after maintenance. Also identified were the poten-
tial alarms or indications of overpressurization or interfacing LOCA.

Surveys of operational event experience were performed using the RECONe data base
to identify check valve failure events in BWR ECCS discharge lines, feedwater
lines, and ECCS injection valve failures. The operating event experience was used
to determine the failure modes and the failure rates. Whether or not a failure
mode is applicable to a valve in a specific line of a specific plant is determined
by the plant-specific surveillance requirements, the plant-specific test proce-
dures and the plant-specific configuration. For example, in the Browns Ferry-1
incident7 on August 14, 1984, the testable check valve was held open by its air
operator, and the injection valve was opened due to human error during a logic
system functional test. Such inadvertent opening of the injection valve is of
concern only if a plant performs such testing when the reactor is at power. One
of the plants analyzed performs such tests at power while the others do not.
Therefore, the Browns Ferry scenario was found to be applicable to only one of the
plants selected but not the others. If a failure node was considered credible
for a PIV, and no relevant failure was found in the licensee event report search,
then generic valve failure data were used, e.g., Probabilistic Safety Analysis
Procedures Guide.

The frequency of overpressurization in an interfacing line was calculated as the
sum of the frequencies of different combinations of the failure modes of the PIVs
in the line. Table 1 shows the summary of calculations for the low pressure cool-
ant injection (LPCI) line of one of the selected plants. Nine failures of the
air-operated check valves were reported in 1361 valve years. They were grouped
into five groups according to the causes of failure, which are listed in the first
column of Table 1. The frequency of each failure cause was estimated as the num-
ber of failure events divided by 1361 valve years, and is shown in the second col-
umn. The third column lists the failure modes and the conditional failure prob-
abilities for the MOVs. A MOV may fail to reclose after being cycled. The prob-
ability of this failure mode was estimated by considering the frequency of valve
operability testing and the specifics of the test procedure used. For such MOV
failure modes, it was assumed that the size of the opening would be small and only
a small LOCA would result. The MOV rupture rate of 1.2xlO~3 per year was esti-
mated using the evidence collected in an LER search in which five events of disk
separation from the stem were found in 4173 valve years. The MOV may be opened
inadvertently during the logic system functional test. The probability of such
human error was taken from the Handbook9 of Human Reliability Analysis. The MOV
may be opened spuriously due to failure of hardware such as valve control circuits
and power supplies. A generic failure rate of S.lxlO"1* per year was used for this
failure mode. By reviewing the related test procedures, the Browns Ferry scenario
was judged to be credible for the LPCI lines of one of the selected plants as in-
dicated above. The Browns Ferry event was then used to estimate the frequency of



Experience AOV MOV f(OP) P(Rupture) S2 A*

Browns Ferry-I
Hatch-2
(Reverse Air)

1.47E-03 1.93E-06 2.83E-09
Failure to
Reclose

6.00E-04 8.82E-07
Rupture

3.00E-03 4.41E-06
Inadvertent
Opening

4.05E-04 5.95E-07
Transfer Open

O.OOE+00 2.83E-11 0.00E+00
0.00E+00 2.83E-11 O.OOE+00
O.OOE+00 2.83E-11 O.OOE+00

1.00E-01 8.81E-09 8.82E-10
1.00E-03 8.82E-09 8.82E-12
3.00E-05 8.82E-09 2.65E-13

1.00E-01 4.40E-08 4.41E-09
1.00E-03 4.4IE-08 4.41E-11
3.00E-05 4.41E-08 1.32E-12

1.00E-01 5.95E-09 5.95E-10
1.00E-03 5.95E-09 5.95E-12
3.00E-05 5.95E-09 1.79E-13

Browns Ferry Scenario 7.35E-04 1.00E-01 7.34E-06 7.35E-07
(Reverse Air, Inadvertent Opened) 1.00E-03 7.35E-06 7.35E-09

3.00E-05 7.35E-06 2.20E-10

Cooper
(Foreign Material)

Pilgrim-1
Sept. 29, 1983
(Rusted Linkage)

7.35E-04 1.93E-06 1.42E-09
Failure to
Reclose

6.00E-04 4.41E-07
Rupture

3.00E-03 2.20E-06
Inadvertent
Opening

4.05E-04 2.98E-07
Transfer Open

7.3 5E-04 1.93E-06 1.4 2E-09
Failure to
Reclose

6.00E-04 4.41E-07
Rupture

3.00E-03 2.20E-06
Inadvertent
Opening

4.05E-04 2.98E-07
Transfer Open

O.OOE+00 1.42E-11 O.OOE+00
O.OOE+00 1.42E-11 O.OOE+00
O.OOE+00 1.42E-11 O.OOE+00

1.00E-01 3.97E-09 4.41E-08
1.00E-03 4.40E-09 4.41E-10
3.00E-05 4.41E-09 1.32E-11

1.00E-01 1.98E-08 2.20E-07
1.00E-03 2.20E-08 2.20E-09
3.00E-05 2.20E-08 6.61E-11

1.00E-01 2.68E-09 2.98E-08
1.00E-03 2.97E-09 2.98E-10
3.00E-05 2.98E-09 8.93E-12

O.OOE+00 1.42E-11 O.OOE+00
O.OOE+00 1.42E-11 O.OOE+00
O.OOE+00 1.42E-11 O.OOE+00

1.00E-01 4.40E-09 4.41E-10
1.00E-03 4.41E-09 4.41E-12
3.00E-05 4.41E-09 1.32E-13

1.00E-01 2.20E-08 2.20E-09
1.00E-03 2.20E-08 2.20E-11
3.00E-05 2.20E-08 6.61E-13

1.00E-01 2.97E-09 2.98E-10
1.00E-03 2.98E-09 2.98E-12
3.00E-05 2.98E-09 8.93E-14

Table 1: Summary of Calculations for LPCI Line of One of the Selected Plants
(Page 1 of 2)



Experience AOV

LaSalle-1 7.35E-04
Sept. 14, 1983
(Misalignment of Gears)

Four Remaining 2.94E-03
Incidents
(Leakage)

MOV

1.93E-06
Failure to
Reclose

6.00E-04
Rupture

3.OOE-03
Inadvertent
Opening

4.05E-04
Transfer Open

1.93E-06
Failure to
Reclose

6.00E-04
Rupture

3.OOE-03
Inadvertent
Opening

4.05E-04
Transfer Open

f(OP)

1

4,

2,

2,

5,

1.

8.

1.

.42E-09

.41E-07

.20E-06

.98E-07

.66E-09

.76E-06

82E-06

19E-06

P(Rupture)

O.OOE+00
O.OOE+00
O.OOE+00

l.OOE-01
1.OOE-03
3.00E-05

l.OOE-01
l.OOE-03
3.00E-05

l.OOE-01
l.OOE-03
3.00E-05

O.OOE+00
O.OOE+00
O.OOE+00

O.OOE+00
O.OOE+00
O.OOE+00

O.OOE+00
O.OOE+00
O.OOE+00

O.OOE+00
O.OOE+00
O.OOE+00

1.
1.
1.

3.
4.
4.

1.
2.
2.

2.
2.
2.

5.
5.
5.

1.
1.
1.

8.
8.
8.

1.
1.

s2
•42E-11
42E-11
•42E-11

97E-09
40E-09
41E-09

98E-08
20E-08
20E-08

68E-09
97E-09
98E-09

66E-11
66E-11
66E-11

76E-08
76E-08
76E-08

82E-08
82E-08
82E-08

19E-08
19E-08

A*

O.OOE+00
O.OOE+00
O.OOE+00

4.41E-08
4.41E-10
1.32E-11

2.20E-07
2.20E-09
6.61E-11

2.98E-08
2.98E-10
8.93E-12

O.OOE+00
O.OOE+00
O.OOE+00

O.OOE+00
O.OOE+00
O.OOE+00

O.OOE+00
O.OOE+00
O.OOE+00

O.OOE+00
0.00E+00
0.00E+00

Notes: f(OP) = Frequency of Overpressurization (/ry).
P(Rupture) = Probability of Major Pipe Rupture.
S2 = Frequency of Unisolated Snail LOCA (/ry).
A = Frequency of Large LOCA (/ry).
AOV = Failure Rate of Air Operated Check Valve (/ry).
MOV = Probability of MOV Failure.
CDF = Core Damage Frequency (/ry).
AOC = Air-Operated Check Valve
*Zero in this column means that the PIV failure mode limits the LOCA to

a small LOCA.

Table 1: Summary of Calculations for LPCI Line of One of the Selected Plants
(Page 2 of 2)



overpressurization due to such scenarios for this plant. This turned out to be
the dominant cause of overpressurization determined by this study.

Given an overpressurization event, sensitivity calculations were performed on the
probability of low pressure system rupture. The BWR Owner's Group10 estimated the
probability of rupture, given an overpressurization, to be approximately 3xlO~5.
This was used as one of the values for the probability of rupture. The other two
values were chosen such that a wide range is covered. In particular, the value of
0.1 is believed to be conservative. If rupture did not occur from the overpres-
surization event, a small LOCA was assumed to occur due to open relief valves or
possible failures of gaskets and seals. The possibility that the operator iso-
lates the small LOCA was also considered. A small LOCA event tree was used to
analyze the ECCS systems that may be available and the operator actions that would
be needed to prevent core damage. If a rupture occurs from an overpressurization
event a large LOCA is assumed to occur with a probability of one unless there may
be a check valve in the line that may close on high back flow and terminate the
large LOCA; in that case, a small LOCA is assumed as per the above. If an uniso-
lated large LOCA occurs in the ECCS, it has been assumed that core damage will re-
sult from flooding, structural failure, or possibly draining of the suppression
pool.

Table 2 summarizes the core damage frequency results for the reference plants.
Also shown in the table are the results of some possible corrective actions. BNL
has been made aware of the fact that some of the possible corrective actions have
been independently identified by the plants operators and are already being imple-
mented. It is noted that the possible corrective actions are basically procedural
in nature and that significant reductions in core damage frequency can be attained
from their implementation. For example, from Table 2 it can be seen that not
opening some MOVs at plant 2 while at power gives almost two orders of magnitude
reduction in CDF across all three postulated pipe rupture probabilities. As a
follow-on to these results BNL is currently assessing the pipe rupture probabili-
ties given an overpressurization event and the potential offsite consequences of
the core damage scenarios.

In summary, the core damage frequency due to interfacing systems LOCA has been as-
sessed (conditional on the chosen values for the probability of low pressure sys-
tem rupture) for the selected BWRs. Some possible corrective actions' were identi-
fied and their benefits were assessed in terms of the reductions in the frequency
of overpressurization and the frequency of core damage.
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Case f(OP) P(Rupture) S2 CDF

Plant 1 Base Case

Leak Test AOC After
Maintenance

Logic System
Functional Test Only
at Shutdown

Leak Test AOC in
HPCI and RCIC

9.01E-03

4.34E-03

1.36E-03

8.49E-03

All Corrective Actions 1.03E-03

Plant 2 Base Case 9.93E-03

Do Not Cycle Valves 3.45E-03
F052 and F218 at Power

Do Not Cycle Valve 7.53E-03
FO87 at Power

Both Corrective 1.O5E-O3
Actions

Plant 3 Base Case 6.89E-03

Leak Test AOC 5.54E-03
in ECCS

Leak Test AOC After 6.28E-03
Maintenance

Both Corrective 5.49E-03
Actions

Notes: See Table 1.

1.00E-01
1.00E-03
3.00E-05

1.00E-01
1.00E-03
3.00E-05

1.00E-01
1.00E-03
3.00E-05

1.00E-01
1.00E-03
3.00E-05

1.00E-01
1.00E-03
3.00E-05

3.11E-O5
3.12E-05
3.12E-05

1.43E-06
1.46E-06
1.46E-06

1.04E-06
1.07E-06
1.07E-06

3.11E-05
3.12E-05
3.12E-05

9.50E-07
9.79E-07
9.79E-07

1.05E-04
1.05E-06
3.16E-08

1.01E-04
1.01E-06
3.03E-08

1.01E-04
1.01E-06
3.02E-08

1.05E-04
1.05E-06
3.15E-08

1.00E-04
1.00E-06
3.01E-08

5.49E-06
1.98E-07
1.46E-07

9.74E-07
1.65E-08
7.08E-09

6.64E-07
1.15E-08
5.15E-09

5.33E-C6
1.97E-07
1.46E-07

2.96E-07
7.46E-09
4.63E-09

1.00E-01 3.37E-05 3.23E-04 2.23E-04
1.00E-03 3.44E-05 3.23E-06 2.23E-06
3.00E-05 3.44E-05 9.68E-08 7.14E-08

1.00E-01 2.11E-05 1.61E-04 6.09E-05
1.00E-03 2.14E-05 1.61E-06 6.12E-07
3.00E-05 2.15E-05 4.82E-08 2.13E-08

1.00E-01 2.90E-05 2.63E-04 1.63E-04
1.00E-03 2.96E-05 2.63E-06 1.63E-06
3.00E-05 2.96E-05 7.88E-08 5.28E-08

1.00E-01 1.64E-05 1.01E-04 9.14E-07
1.00E-03 1.67E-05 1.01E-06 1.17E-08
3.00E-05 1.67E-05 3.02E-08 2.83E-09

1.00E-01 4.15E-05 1.09E-04 9.59E-06
1.00E-03 4.16E-05 1.09E-06 3.17E-07
3.00E-05 4.16E-05 3.28E-08 2.26E-07

1.00E-01 3.13E-05 1.01E-04 1.36E-06
1.00E-03 3.13E-05 1.01E-06 1.80E-07
3.00E-05 3.14E-05 3.03E-08 1.68E-07

1.00E-01 3.75E-05 1.03E-04 3.51E-06
1.00E-03 3.76E-05 1.03E-06 2.35E-07
3.00E-05 3.76E-05 3.10E-08 2.O3E-O7

1.00E-01 3.09E-05 1.00E-04 7.54E-07
1.00E-03 3.09E-05 1.00E-06 1.72E-07
3.00E-05 3.09E-05 3.01E-08 1.66E-07

Table 2: Summary of Results
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