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ABSTRACT

Pacific Northwest Laboratory (PNL) performed probabilistic risk analyses to
estimate core-melt frequency and public risk associated with control system
failures in a General Electric boiling water reactor. PNL also conducted
value/ impact analyses of proposed modifications of these control systems to
prevent these failures. These analyses were based on failure modes and effects
analyses previously performed by the Idaho National Engineering Laboratory
(INEL). The control system failure modes identified by INEL and analyzed by PNL
fall into three main scenarios: 1) failures that initiate feedwater overfill
and alsc defeat the nigh lovel feedwater trip, 2) a failure of the condensate
booster pump that results in incroased .low to the vessel (overfill), and 3) an
inadvertent actuation of the low pressure coolant injection system (LPCI) that
also produces an excessive cooldown (overcool). For each of thesc modes, two
failure sequences were postulated. The resuits of PNL's probabilistic analysis
of failure progression to core damage and value/impact analyses of possible
resolutions to prevent the occurrence of these failures are presented in this

report.
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EXECUTIVE SUMMARY

Pacific Northwest Laboratory (PNL) performed a probabilistic risk
assessment (PRA) of control system-related failures in 1ight water reactors for
the U.S. Nuclear Regulatory Commission (NRC). This work was performed in
support of the NRC's Unresolved Safety Issue A-47 program: Safety Implications
of Control Systems. This report specifically focuses on control system failures
in a representative General Electric boiling water reactor (BWR), The PRA was
based on failure modes and frequencies developed for the BWR by Idaho National
Engineering Laboratory (Bruske et al. 1985).

In addition, PNL performed value/ impact analyses of proposed resolutions to
correct these deficiencies identified by the A-47 program. Value/impact
analyses are required by the NRC as input into the regulatory decision process
to insure that the need for and consequences of cost-effective regulatory
actions are identified (NRC 1983a). Cost/benefit analyses are not the sole or
even principal basis for decisions, but they do provide one consideration. The
purpose here was only to provide a screening tool of potential resolutions.

S.1 GENERAL OYERVIEW

The report discusses the following major topics: 1) control failures
identified as being of concern to the A-47 program, 2) the safety implications
of failures and progression to core-melt scenarfos, 3) risk calculations, 4)
resolutions to mitigate or eliminate failures, 5) potential risk reductions with
implementation of proposed resolutions, 6) cost of resolutions, and 7) resulting
value/ impact ratios. These topics will be quickly summarized here, followed by
a more detailed summary of the technical analyses and results.

Control Failures of Interest

The A-47 program focused only on those control failures that could result
in 1) a more severe plant response than previously predicted in design basis
accidents, or 2) failures that could cause plant conditions to exceed operating
technical specifications. Using the Browns Ferry plant as a representative
General Electric BWR, INEL fdentiffed four general failure modes involving
feedwater overfill of the reactor vessel, one involving condensate booster pump
failure, and one involving low pressure core injection (LPCI) failure. PNL then

examined these identified failure modes for safety implications.

With the exception of loss of offsite power, the INEL investigation did not
consider events external to the plant, (e.g.» seismic events, aircraft crashes,
etc). Such events are thus not considered in this report.

Safety Implications

For these analyses, overfill of the reactor vessel was assumed to be
initiated by failures in the main feedwater (MFW) control and vessel high water
level trip circuits. If not terminated by the operator, this could lead to
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water pouring into the steam lines, possibly resulting in steam line damage
including major steam line failure. A large uncertainty currently exists
concerning this potential, so a high probability of main steam line break (MSLB)
given spillover of water into the steam 1ines was assumed. The remaining
failure modes 1ikewise have the potential to introduce water into the steam
lines, possibly causing steam l1ine damage. The three main failure scenarios are
1) overfill due to failures in the feedwater contol &nd vessel high water level
trip logic, 2) overfill due to failures of the condensate booster pump, and

3) overfill due to inadvertent actuation of the low pressure coolant injection
system (LPCI) pump.

An MSLB in a BWR represents a serious breach of the primary piping, and
results in a loss of coolant accident (LOCA). If the flow is not blocked or
replaced with injection of additional water, the reactor core uncovers,
overheats, and a core-melt occurs. The significance of the control failures
identified here then depend greatly on the assumed high probability for MSLB to
occur as a result of overfill and spillover of water into the steam lines.

In addition, initiating a transient shutdown in the plant can demand safety
systems which in turn have the potential for failure. The initiating events
identified by INEL were thus also examined as potential transient initiators
both with a1d without the power conversion system available for decay heat
remc ral,

Risk Assessment Results

The event trees developed for MSLB in the Browns Ferry (NRC 1982a) PRA were
used to model the plant response to an MSLB. Three separate responses for
small, medium, and large pipe breaks were used. The INEL-predicted initiating
frequency was raticed to reflect the potential for various pipe failure sizes
based on their pre.icted frequencies. The INEL event trees for transient
shutdown were al«o substituted for the initiating frequencies in the PRA. The
radionuclide release categories used in the PRA for MSLB and transient core-melt
scenarfos were also used in this analysis to estimate public risk associated
with core-melt.

The net result was an estimate for core-melt for all scenarios of
2.76E-06/py, which is approximately 1 percent of the Browns Ferry PRA core-melt
frequency of 2E-04/py. For this study, this was dominated by the contribution
fron Overfill Sequence 1, which involves failure of the vessel high water level
feedwater trip of 2.40E-06/py. The overall risk was put at 18.4 man-rem/py,
with 16.2 man-rem/py again associated with Overff11 Sequence 1.

The core-melt and risk contributions from failure of the condensate booster
pumps (Overfill Sequence 2) and LPCI (Overfill Sequence 3) were lower than for
Overfill Sequence 1 by factors of 1000 and 20, respectively., Transient
shutdowns also contributed an insignificant amount to the risk.

When compared with the risk estimated for other nuclear safety issues (NRC
1983b),» the above estimates of core-melt frequency and risk are «mall. However,
the risk from Overfill Sequence 1 cannot be categorized as an insignificant
fssue. i/hen the NRC methodology for prioritizing efforts to resolve safety
fssues is applied, a further examination of costs associated with possible fixes
is justified.
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Risk Reduction/Cost/Yalue-Impact

A number of modifications were examined to correct the failure modes that
initiate the scenarios defined by INEL. Other modifications included piping
upgrades to reduce leaks in the instrumentation line serving the level
transmitters, and the addition of another level transmitter for a 2-out-of-4
logic upgrade from the present 2-out-of-3 configuration. Modifications to the
control log'c and addition of a high water level trip were also examined for the
condensor booster pump and LPCI pump failures, respectively.

The upgrade to a 2-out-of-4 configuration was identified as the most
effective correction for failure of the high vessel water level trip circuit.
This was predicted to lower the initiating frequency by approximately 25
percent, giving a risk reduction of 123 man-rem over 30 years. At a minimum
estimated cost of $150,000 for this upgrade, a value/impact ratio of 0.82
man-rem/$1000 was obtained. It was noted, however, that costs in excess of

$1,000,000 have been observed for this upgrade in plants needing additional
penetrations into containment to add the fourth transmitter. Modifications to
plant piping to reduce leaks were estimated to reduce the initiating frequency
of overfill by only approximately 4 percent, but costs were estimated to be
significantly lower than a level transmitter upgrade. However, the resulting
cost/benefit ratio was still lower than that of the transmitter upgrade.

The addition of a high vessel water level trip for the LPCI overfill
scenario was estimated to essentially eliminate the potential for that scenario,
resulting in a risk reduction of 24.3 man-rem over 30 years. At an estimated
cost of approximately $70,000 for such a trip, a value/impact ratio of 0.35
man-rem/$1000 was estimated.

The final conclusion was that risk reductions and value/impact ratics
indicate that a more detailed examination of resolutions could be justified for
the vessel high water level trip circuit and for inclusion of a high level trip
for the LPCI pump. The condensate booster scenario has such little estimated
risk that no further examination is 1ikely to be needed.

Finally, it should be noted that control system failures similar to those
postulated in this report have occurred in operating BWRs. However, there has
been no known progression of such failures to core damage and subsequent release
of radiocactive miterial. The accident .equences developed in this report are,
therefore, speculative and subject to all the uncertainties and limitations
surrounding the use of probabilistic risk assessment for predicting nuclear
safety. Again, this value/impact information provides only one small input to
the regulatory decision process. This information is expected to be subject to
further scrutiny by the NRC, INEL, and by affected utilities, which can bring
additional insight and perspective to these results.

$.2 JECHNICAL OVERVILW

A more indepth technical summary of this report is proviced below. The
potential control system failures fdentified by INEL again primarily deals with
overfill of the reactor vessel with the potential for water entering the steam
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lines. The three main scenariss are 1) overfill due to failures in the
feeuwa :er control and vessel high water lsvel trip logic, 2) overfill due to
failures with the condensate booster pump., and 3) overfill due to inadvertent
actuation of the LPCI pump. The reference plant analyzed is the BWR/4 Browns
Ferry class of General Electric BWR.

The conti gl system failure modes identified by INEL fall into three main
scenarfos: 1) failures that initiate feedwater ovorfill and also defeat the
high level feedwater trip, 2) a failure of the condensate booster pump that
results in increased flow to the vessel (overfill) and produces an excessive
cooldown of the vessel (overcool), and 3) an inadvertent actuation of the LPCI
which results in increased flow to the vessel and which also produces an
excessive cooldown (uvercool).

The lTow pressures and temperatures involved with the overcool scenarios
(270 psi at 1 percent puser) were not considered sufficient to have any credible
potential for producing thermal shock-induced failure of the reactor vessel.
Further, condensation of the large steam void present in all BWRs makes it
physically unlikely that the concurrent high pressures and cooling necessary to
induce ve<sel damage would occur.

Iinztead, the analyses determined that the primary hazard to plant safety is
the potential for water spilling into the steam lines, inducing water hammer,
and producing a main steam line break (MSLB). BWR piping performance continues
to be the subject of intense review in the industry. Although water hammer and
steam condensation have occurred on plant startup and main steam isolation valve
1ift, no such failures of main steam pipes have ever been observed in actual
plant operation. However, to be conservative, this analysis assumed that the
probability of MSLB was essentially 1.0, given spillover of water into the steam
Tines while the plant is operating at power.

The potential for operator intervantion in terminating the sequences was
also considered. For example, feedwater averfeed while on automatic control
generates conflicting level-indicator readings and annunciator alamms. For
those situations, the probability of operator error was set at about 50 percent.
This estimate conforms to the subjective views of licensing examiners on the
potential for operator error. If lower power settings on manual feedwater
control or unambiguous instrumentation/alam readings are assumed, the error
probability is thought to be lower.

Erequency and Public Risk Estimates

The core-melt frequency predicted for each of the “nree failure scenarios
is approximately 2.5E-06/py, or 1 percent of the total core-melt frequency
calculated in the Browns Ferry PRA of 2E-04/py. The public risk for the three
sequences is approximately 18 man-rem/py. This is again primarily due to the
MSLB scenario, with 80 percent of the risk associated with BWR release category
2 and 20 percent with release category 3 as defined in the WASH-1400 Reactor
Safety Study (NRC 1575). In the Browns Ferry PRA, 20 percent of the dominant
transient risk was associated with relcase category 2 and 80 percent with
release category 3. However, the man-rem/event associated with these release
categories (Heaberlin et ai. 1983) is similar enough (7.1E+06 versus 5.l1E+06
man-rem/event) to inifcate that the public risk predicted for control system
failures is also on the order of 1 percent of overall plant risk,
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The control system failures also must be cunsidered in terms of their
potential for generating transient shutdown signals. Those transients that
disabled the power conversion system (1.73/py) were found in the Browns Ferry
PRA to represent approximately 78 percent of the overall plant core-melt
frequency of 2E-04/py. A conservative estimate of the impact of control system
failures leading to such a transient shutdown resulted in an initiating
frequency on the order of 0.001 of that observed for such transients in the

Browns Ferry PRA.

The final results are summarized in Table S.l1. The additional
consideration of control failures that .nitiate transients increases the total
predicted core-melt frequency only slightly to 2.96E-06/py, which is still
approximately 1 percent of the overall core-melt frequency of 2E-04/py given in
the Browns Ferry PRA. The upper Sound on the initiation frequency was not
propagated through the calculations. Instead, using the INEL mean value for an
initiating frequency, a best estimate of propagation to core-melt was made,
giving a net best engineering estimate of the frequency of core-melt due to the
particular control system failure.

Yalue/Impact Assessment

To analyze the value/‘mpact associated with this issue, it was necessary to
postulate a number of possible design changes to alleviate the control system
failures identified by INEL. Due to the significant interaction of the operator
with control systems, training and procedures directed at the operator could
possibly reduce the progression of simple control system failures to more
serfous accidents. The operator's role was considered in the core-melt
calculations. However, it is believed that programs set up specifically to deal
with operator actions during transients are, in general, better geared to deal
with the potential for reducing operater error than the A-47 program; therefore,
options for improving operator response are not considered further in this
report.

The postulated design changes were directed at reducing the rate of control
system failures as identified by INEL. These modifications are shown in Table
S.2, along with the associated estimates for reduction in core-melt frequency,
public risk, cost, and the resulting value/ impact.

As can be seen, the addition of another level transmitter (LT) in a
2-out-of-4 trip logic was found to be the most cost-effective way of
counteracting the control system failures identified by INEL for feedwater
overfill. This conclusion assumes that a new configuration would be twice as
reliable in preventing the overfill, with implementation costs estimated to be
about $150,000. Practical considerations indicate that a 2-out-of-4
configuration probably would not achieve such improvements in relfability;
furthermore, rosts could easily exceed $1,000,000 if substantial modifications
were required to implement the level transmitter change. Both uncertainty
factors reduce the resulting value/impact ratio significantly.
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(low-scale, or 1 out of 2 possible failure modes) and the probabilities for
these faflure modes are again assumed to be equal as in Sequence 1.8, a highly
conservative estimate ol this faflure rate is then

2 x (1E=05/hr) (8760 hrs/yr)(4/5 + 1/2) = 0.23/vr.

However, the LT(A) failure (down- or low-scale) must then occur within an
eight hour period between calibration checks of the level indicator. The LT(A)
failure can then occur as inoperable (down- or low=-scale, or 2 out of 5§ possible
modes),» or as reduced capacity (down-scale, or 1 out of two failure modes), for
a total frequency of

(1E-05/hr)(8 hrs)(2/5 + 1/2)(2.28/yr) = 1.66E-05/yr.

In addition, the level indicating switch high trip must be failed, with the
simplest independent failure being LIS(A) and LIS(B). This would further reduce
the frequency above, making this contribution of independent failures to the
overfill problem insignificant,

If a failure in the LT(A) transmitter is assumed to initiate the feedwater
fncrease first, the available window for fatlure of LT(C) or LT(B) becomes even
shorter, on the order of minutes fnstead of hours. The likelihood of this would
thus be less than that calculated above.

There are also independent failu~es that could cause loss of high trip
given the faflure of the feedwater control circuit, designated here as F(CC),
To get overfill, this would require:

e Failure of F(CC) and failure of LT(A) up-scale or as is, and LT(B) or LT(C)
(inoperative: anything but high-scale; reduced capacity: low-scale), and
loss of the high level switch trips: [ LIS(A and B) or LIS(C and D) or
LIS(A and C and D) or LIS(A and B and C) or LIS(A and B and D) or LIS(A and
B and C and D)),

or

e Fallure of FICC) and LT(B) and LT(C), (1inoperative, anything but high
scale, reduced capacity low-scale), and loss of the high level switch
trips: [ LIS(A and B) or LIS(C and D) or LIS(A and o and D) or LIS(A and B
and C) or LIS(A and B and D) or LIS(A and B and C and D)),

Even if some of these failures are caused by the result of a common mode
fatlure such as a pipe rupture or shock as was presented earlier, one
independent failure would stil] significantly reduce the frequency of the

events, The entire Sequence 1.C s thus thought to be insignificant compared to
1.A and 1.B.

3.5 QLSCUSSION OF SEQUENCE 1, INITIATOR D |

Sequence 1.0 calls for a fatlure of the control circuit that regulates the |
feedwater pump speed, and a fatlure of two out of three water level trips.
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Letting F(CC) represent the failure of the feedwater pump speed control
circuft, the following failures could initiate the sequence:

e F(CC) and common mode failures of 2-out-of-three LT and l-out-of-2-twice
LIS high level trips.

e F(CC) and common mode failures of the I.T trips, and independent failures of
the LIS trips.

e F(CC) and independent failures of the LT and LIS trips.

The first sequence given is 1ikely the more important, requiring fewer
independent failures than the other two. Note that the most 1ikely common mode
mechanisms for failing the LT and LIS have already been presented in Sequences
1.A and 1.B., Given the F(CC) failure to initiate feedwater increase, other
combinations of LT failure could now be included here as sufficient to cause
loss of the 2-out-of-3-twice high level LT trip. This would now fnclude LT(CE)
failures which were deleted before, having no impact on feedwater control.

As before, the most important sequences would likely fnvolve faflure due to
common shock on the same instrument lines. This again would be failure of
LT(AC) and LIS(AB). Note, however, that given the feedwater control circuit
fatlure, failure modes for LT(A) which were rejected in Sequence 1.B as not
causing feedwater increase can now be included here. For finoperable fallures,
LT(A) can now fail as is or up~scale. Both LT(A) and LT(C) can stil) not fafl
high. This indicates that 16 out of 25 possible failure combinations for LT(A)
and LT(C) are now possible. For reduced capacity of level transmitters, it is
st1]11 thought that they must drift down-scale to avoid eventually reaching a
high level trip. Likewise, the consideration of failure modes for the level
switches would not be modified from the discussion in Sequence 1.E.

The new estimate for the rate of acceptable LT(AC) failures is then
(16/25)x(1.58E=07/hr)» or 1.01E=07/hr with an upper bound of 7.55E<07/hr (Table
3.2), Assuming as for Sequence 1.B that the larger failure rate between the LT
and L1S fallures constituted the common mode faflure rate, the assumed
initiating frequency for the trip faflures for this sequence is shown fn Table
3.7 below.

JABLE 3.1, Assumad Annual Inftiation Frequency of Dominant Fallure
Modes for Loss of Migh Trip

~fallure Mode Point Estimate Upper Bound

Inoperable 8.86E-04/yr 6.626-03/yr

Reduced capacity 9.11E-04/yr 4.826-03/yr..
Total 1.80€-03/yr 1.14E-02
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Doubling this to account for non-dominant sequences then gives an estimate
of the loss of high trip signals as 3.6€-03/yr with an upper bound of
2.36-02/yr. The failure rate for this portion of the required sequence is thus
slightly larger than the whole of Sequence 1.B.

This sequence then requires an independent failure of the feedwater control
circuit, Assuming it is as frequent as 0.1/yr, which is considered
conservative, the entire sequence frequency could be on the order of 1.8E-04/yr.
However, the control circuit failure or common shock causing the loss of the
trips would actually have to occur during an eight-hour period between
calibration checks, One failure occurring first would also alert the operator
to failures in the feedwater control, unless the LT faflures were further
confined to failures-as~is to avoid the level failure annunciator. The narrow
time window actually available for the independent failures to occur would then
give a feedwater failure rate on the order of (0.1/yr)/(1 yr/365x24 hrs), this
being 1.1E<05/hr or a probability of 9.1E<05 in an 8-hour period.

The frequency of the two required failures would then be on the order of
(1.86-03/yr)(9.1E-05) = 1.6E~07/py. As expected, Sequence 1.D fs thus thought
to be insignificant compared to 1.A and 1.B,

3.6 SUMMARY OF SEQUENCE 1. OVERFILL INITIATING FREQUENCY

The estimated frequency for Sequence 1 1s summarized in the following
table. These values do not yet include the probability of operator fatlure to
halt the sequence before overfill begins, which will be discussed in the next
section,

IAPLE 3.8, Estimatec Initfation Frequency of Sequence 1

—SeQuence Erequency Upper Bound frequency
Sequence 1.a 4,3E-04/yr 4,3E-03/yr

Sequence 1.b 3.3E-03/yr 1.7€<02/ yr

Sequence .c - ~

Sequence 1.d e —— DI S,

Total 3.7€-03/yr 2.1E<02/yr

This compares with the estimate made by INEL of 6,5€6<03/yr, with an upper
bound of 3,0E-02/yr. The PNL estimate of the inftiating frequency is thus
approximately 1/2 the INEL median estimate, even with a factor of 2 to account
for non-dominant sequences, The difference 1s primarily due to the more
vetalled consideration of the specific fatlure modes required fur the leve)
tran-mitters and switches, However, the PNL estimate fs well within the bounds
g'.en by INEL, and the agreement fs considered quite good given tte level of
uncertainty. The INEL estimate wil)l thus be used in tabulations tu follow.

Note that this compares to the overall frequency of feedwater increase at
power of 0.2/yr experienced at BWRs (McClymont and Poehiman 1982.) This 1s

about 50 times the frequency predicted here for feedwater increase with the loss
of the high level trip.
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4.0 SEQUENCE 1: SIGNALS AVAILABLE TO THE OPERATOR

This chapte +11]1 examine the signals available to the operator, and
estimate the probability of operator temmination of feedwater flow befcre an
MSLB occurs. The level failure is assumed to occur, and then the feedwater
transient begins to fi11 the vessel without automatic trip of the feedwater
pumps or SCRAM of the reactor. However, further indications are available to
the operator:

e Level failure annunciator signalling in the control room due to
differential in level transmitter readings from A and B.

e Levels A and C indicators falling in unison, with recording of A.

e Level indicator for B equalling level indicators for Accident Range, Shroud
Level Range, and Refueling Range indicators in control room.

e High/Low lev:l alarm occurring on low reading from A and C.

As steam quality begins to degrade, the automatic load following capability
of the plant will also provide changing readings in the control room. This will
culminate in water pouring into the steam lines, very likely with water hammer .
The possible sequence of events after water begins pouring down the steam 1ines
will be developed later.

4.1 QPERATOR RESPONSE TO SEQUENCE 1. INITIATOR A

The operator 1s most 1ikely to respond in one of several ways under these
conditions: do nothing, allowing overfill; interpret the transient as a loss of
coolant requiring safety injection and SCRAM the plant; or recognize the level
control fallure and switch the feedwater control over to channel B, The
probability of a correct response cannot be specified exactly, but it is thought
that the system response and indicators above make it possible to assign a
reasonable probabil ity to the operator response.

The feedwater system fs one that the operator uses routinely during plant
startup, and malfunctions of the system do occur. Feedwater increase transients
are also used routinely in operator training and testing programs. As a result,
the operator is very likely to respond in some fashion to the initiator long
before plant conditions begin to deteriorate. Based on the indications
available, the operator will have a very good indication of a failure in the
feedwater level transmitters, Utilizing the other displayeu range indicators
should provide a relfable indication that the faillure has occurred in channel A.
If the operator then switches automatic feedwater control to B, the transient
will end.

The major sequence analyzed by INEL involved a 125 percent feedwater
overspeed with the reactor initially at 68 percent power, this increasing to 90
percent due to reactivity changes (Bruske et al. 1985). This {s assumed to be
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a worst case analysis. The excess water input is thought to result in spillover
into the steam lines in approximately 1 minute. At 100 percent power (1000
psig), such feedwater overspeeds would 1ikely increase power and steam pressure
to the high trip set point of 1055 psig. Only lower feedwater overspeeds would
then be credible, thus giving more time available for operator action if the
transient occurs at 100 percent power.

From PNL discussions with licensed operator examiners, a 50 percent
probability of correct operator action in this sequence is felt to be a fair
estimate. For the purposes here, this will be further quantified as to operator
recognition of a problem, the correct interpretation, and the correct action.
The following guidelines were used in calculating the values shown in Table 4.1.

JABLE 4.1. Assumed Operator Error Information

Assumed Operator

Regquirement Error Probability

Failure to:

Respond Correctly to 1 Alamm 0.1
Respond Correctly to More Than 1 Alarmm 0.99
Respond Correctly to 1 Annunciator 0.5
Correctly Interpret given no Conflicting

Indicators 0.1
Correctly Interpret given Preponderance of Accurate

Indicators 0.5
Correctly Interpret given no Accurate Indicators 0.99

Note that the probability of operator failure to correctly resr. ’ to an
alarm is assumed to be lower than for an annunciator. It was thought that with
operator training, operators would be more likely to respond in a correct
fashion to an alarm than a simple annunciator. The failure probability is then
increased 1f conflicting signals are present. Note that error rates assumed in
previous plant risk studies for operator action under kigh stress (i.e., an MSLB
accident sequence) are typically on the order of 0.1 as opposed to the 0.99
assumed here. The numbers in Table 4.1 are thus conservative.

The resulting estimate for operator error is given in Figure 4.1 in a human
reliability analysis (HRA) event tree. Totaling up the fa‘lure branches then
gives an estimated failure probabil ity of the operator of 0.571. This compares
favorably to the previous qualitative estimate of 0.5 made by operator training
personnel,

4.2 SIGNALS AYALLABLE TO THE OPERATOR FOR SEQUENCE 1, INITIATOR B

As in Sequence 1.A, an annunciator will light up, indicating level
fndicator failure for all of the failure combinations considered. In addition,
a possible low level alarm will sound 1f LT(A) fails low.
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A - Operator fails to notice annunciator for level
failure

B - Operator sees annunciator, but incorrectly
interpretes

C - No operator action, letting feedwater continue

D - Operator interpretes falling level indicators as
LOCA, responds with HPCI

E - Operator fails to notice lack of response of
vesse! level to continued feedwater flow

F - Failure and vessel overfill

G - Operator fails to notice lack of response of
vessel level to HPCI and feedwater flow

H - Operator fails to switch feedwater level control
to level transmitter B

o - “uccess and vessel overfill prevented

Lower ase letters indicate correct operator
action n corresponding steps above

FIGURE 4.7. Human Reliability Analysis Event Tree
for Feedwater Overfill
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4.3 QPERATOR RESPONSE TO SEQUENCE 1, INITIATOR B

For the purposes of this examination, the possible operator responses will
be assumed to be the same as for Sequence 1.A, and depicted in Figure 4.1. The
probability of the operator failing to halt the overfill is then 0.517.

For the remaining Sequences 1.C and 1.D, these were again considered
relatively negligible.
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5.0 SEQUENCE 1: ACCIDENT PROGRESSION TO MSLE

This accident scenario differs from a typical analysis of MSLBs in that the
system initially suffers an overfill before the transition to an MSLB. The
impact of the overfill on safety systems and their ability to respond later in
the accident must then be examined before the Browns Ferry relfability values
are used.

The first condition impacted by the overfill is degradation of steam
quality. During the onset of the overfill accident, degrading steam quality
will impact the performance of the turbine/generator set. There is no doubt
that if the accident were to progress to spillover, the turbine would eventually
suffer damage resulting in a turbine trip. However, the feedwater control logic
fs such that feedwater flow would still continue on the receipt of the low water
level signal. Thus the turbine trip would not terminate the overfill scenario
automatically.

The following observations concerning plant response can then be made:

1. Feedwater turbine damage and trip could occur due to moisture
carryover before water begins falling into the steam lines, or shortly
thereafter. This would effectively end feedwater flow for the
fatlures outlined in INEL Sequence 1.

2. Main steam turbine damage could occur before water begins falling into
the steam lines producing a turbine trip and RPS SCRAM, Feedwater
flow, however, would continue,

3. If water begins flowing down the steam lines during operation, the
main steam turbine will be damaged, causing a turbine trip and signal
for closure of the stop valves., Feedwater flow would continue.

4. The potentifal exists for an MSLB due to water hammer occurring at the
same time as the turbine trip, or shortly thereafter. The cooldown
and collapse of steam 1s the major driving force for water slugs and
hammer, An MSLB would generate an MSIV isolation signal on high
temperature or pressure in the steam tunnel or drywell. This would
generate another RPS SCRAM signal, if turbine trip has not already
occurred.

5. It 1s thought that the potential for a water hammer-induced MSLB is
lessened in the case where turbine trip occurs before spillover
begins. The reduced steaming rates after shutdown cculd be assumed to
reduce the severity of steam collapse and any water hammer when
spillover occurs some time after shutdown.

6. If an MSLB did not occur relatively immediately on overfill as in Step
4, the overfil] would then progress, assuming that the feedwater
system 1s sti1] operating., Static overfill of the steam 1ines could
then cause a pipe break due to excessive load, generating an MSIV
isolation signal with steam detected in the steam tunnel. However,
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the steam collapse and cooldown experienced would 1ikely first
generate a low steam pressure signal in the steam lines (less than 825
psi). This 1s again an MSIV isolatiqn signal, but only when the
reactor is in the 'run' mode. This would stil] be the case even
following a turbine trip. The MSIV fsolation signal 1s thus thought
1ikely to occur before a static load fatlure could occur, further
reducing the water flow beyond the MSIVs and 1imiting the static )oad
experienced by the downstream piping. In any case, pipe break or not,
an MSIV fsolatfon signal would be generated. Note, however, that this
is ineffective for breaks above the MSIVs. This will be discussed
further below under vessel isolation.

Eeedwater Turbine

The feedwater turbine in the reference Browns Ferry BWR/4 1s a Terry Wheel
Turbine, a one plece wheel specifically designed to withstand water slugs that
may occur during startup. However, operational experience indicates that the

feedwater system is stil] among the most susceptible to damage (Bush et al.
1982).

Reviews of recent information pub)ished on water hammer applicable to the
feedwater turbine are contained in NUREG/CR=-2781 (NRC 1982b), NUREG=0993 (NRC
1983b), EPRI NP-2590-LD (EPRI 1982a), and NUREG/CR-0927 (NRC 1984). Indications
are that PWRs have historically had more fesdwater problems than BWRs, but the
feedwater systems in both are susceptible. Most problems are caused by
steam/water entrainment or steam bubble collapse.

It 1s uncertain {f moisture carryover would be sufficfent to cause
feedwater turbine failure before water began spilling down the steam lines. At
the point of spillover, damage would become more T1kely. Steam collapse and
decreasing steam pressure would also impact feedwater turbine performance.

For the purposes of this analysis, 1t will be assumed that the probabil ity
of feedwater turbine damage before a MSLB occurs s on the order of 0.1. This
then gives a 0.9 probability of the accident progressing. The upper oound 1s a

1.0 probability of the accicent progressing; f.e., no feedwater turbine damage
occurring before spillover,

Main Steam Turbine

The main steam turbine 1s more susceptible to damage than the simple
feedwater steam turbine., The desire to protect the main turbine s well
recognized in the plant design, and 1s one of the primary reasons for the high
level feedwater trips. The turbine also has a protective trip for
out-of-balance conditions that would indicate blade fallures.

The potential for damage increases greatly under conditions of degrading
steam quality. This s particularly true when the water level reaches the
arfers and moisture carryover becomes significant. The INEL analysis indicates

that steam quality could drop to the 60 percent region for some scenarios before
spillover actually occurs.
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As a result, the potential for preliminary turbine blade damage before
water spillover begins is considered to be fairly high. In addition, the
potential for massive turbine damage and plant shutdown at the point of
spillover s assumed to be essentially 1. This is because the turbine blades
are thought to be highly susceptible to damage from steam bubble collapse and
entrained water slugs. For the purpose of this examination, it will be assumed
that there is a 0.1 probability that a turbine trip will occur before spillover
occurs., This is again based on engineering judgment.

However, the feedwater system would continue to attempt feedwater flow as
long as no feedwater turbine trip or damage occurred. If the feedwater pumps
were not tripped, the degrading steam quality associated . ith the fi1ling steam
1ines would significantly reduce the performance of the steam driven feedwater
turbine. This would slow progression of the accident, but not halt it.

In addition to the potential for turbine damage and trip, other indications
of changing plant conditions will be available to the operator during this
period. Primarily, the automated load following controls for the turbine and
reactor will respond to the changing conditions caused by the overfill, This
includes reactor reactivity and power changes caused by a cooldown, and the
turbine response to the degraded steam quality. For the purposes here, it will
be assumed that no operator detection or response to these indicators occurs
with the plant in automatic operation. Automatic operation is assumed to result
in a more conservative estimate of the potential for operator intervention than
manual control. Manual control is thought to ensure that the operator would at
least be near appropriate panels, and would be more likely to see and correctly
interpret the plant parameters displayed.

Main Steam Ling Break

The next que.tion 1s whether a steam 1ine break will occur. The major
damage mechanisms are again assumed to be assocfated with entrained water in the
steam 1ines leading to possible water slugs and hammer, or the static loads
possibly caused by water collecting in the steam 1ines.

Although several events have been suspected of causing overfill at power,
there 1s no real experfence for damage under these assumed full power
conditions., However, several steam |ine water hammer incidents have occurred
during startup (Bush et al, 1982). In these cases the MSIVs wore opened before
proper warmup or draining of steam 1ines, resulting in condensation and Tiquig
flow in the l1ines. In these cases the entrained water 1s thought to have
impacted the turbine stop valve, resulting in water hammer. Any water slugs
forming would then 1ikely be expected to generate impacts at pipe elbows and
restrictions, but the end of the run 1s 1ikely to receive the brunt of the
energy. This would again be the main steam turbine that would certainly suffer
damage and again cause a reactor trip,

For this particular scenarfo, the problem will be aggravated at the onset
of overfill by water being entrained In the steam flow, and collapsing steam
shocks. The question s whether the pipes would suffer damage from water hammner
as the steam collapsed and the 1ines began to f111. A review of past experience
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fn BWRs (Bush et al. )982) indicates that pipe leaks have been primarily
restricted to those less than 12 inches in diameter. However, cracks have been
detected in larger pipes, likely due to inter-granular stress corrosion cracking
(IGSCC)» which introc.ces a possible flaw subject to water hammer damage.

A consideration of the static loads was made for PWRs concerning the
potontu} {or steam 11r rupture on overfill following a steam tube
rupture.'®’ The conclusfon was that for the plants examined, the static
loads presented by steam lines full of water would not result in a'nz fatlures.
The stress levels would remain within the 1imits allowed by the ASME code. As a
result, the conclusion was that the probability of failure of the main steam
Tine due to overfilling and deadweight loading was not increased. In the
absence of a more precise estimate, the probability of failure due to this
scenario was valued at 1E-03/overfill event.

Once spillover occurs, damage to the turbine is very likely. The
probabil ity of pipe damage during steam collapse is not known., If the accident
progresses through this stage to one of simple overfill, the probability of pipe
damage can be assumed to go down to lE-03/event; this is the faflure probabiiity
due to static load.

Estimate of MSLE Initiation

Two cases are then considered to be important in the progression of the
accigent: 1) main steam turbine trip before spillover of water occurs, and 2)
no inftfal trip followed by spiliover, turbine fallure, and trip. The logic to
be used 1s depicted in Figure 5.1. The initfating event frequency is shown,
along with the assumed probability of operator error. The probability of
feedwater turbine fatlure ending the sequence 1s then given, followed by the
branch for main turbine trip.

For the first case in which main turbine trip causes SCRAM some time before
spillover occurs, 1t will be assumed that the conditions driving water hammer
are reduced. For this assumed less severe case in which early shutdown occurs,
the probability of a hammer-induced MSLB will be 0.5. The probability of a
static load fallure due to continued feedwater flow 1s then put at 1603, for a
total MSLB probability of 0.501. Given the assumption of & 0.1 probability of
an early turbine trip before spillover results in an ef fective MSLB probabi)ity
for this case of 0.05.

For the second case, 1t will be assumed that the conditions driving steam
collapse and water hammer will be more severe 1f spillover occurs while the
plant 1s ocperating at full power. The probability of a hammer-induced MSLE will
then be assumed to be 1.0, This conservative assumption can be updated as more
information becomes avaflable. The contribution from static load induced
fatlure 1s then fgnored. When coupled with the assumption of a 0.9 probability
that the turbine would not trip until spillover occurred gives an effective MSLE
probabil ity of 0.9.

-

(a) A.47 Review, ENCLOSURE 2, Responses to Additional Questions from the
ACRS Regarding SG Overfil1, Draft, July 27, 1984,




The net MSLB probability for the two cases is then 0.95. The assumed

initiating frequency of MSLB is then 2.87E-03/py as shown in Figure 5.1. These
estimates can be updated as more information becomes available on the response
cf plant systems to highly degraded steam quality and the potential for water

hammer- induced MSLBs.
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6.0 SEQUENCE 2: CONDENSATE BOOSTER PUMP FAILURE

The second reactor vessel overfill sequence identified by INEL dealt with
failures of the condensate booster pumps. Note that this sequence involves
vessel overcool as well.

The three condensate booster pumps in the Browns Ferry reference design
suction off the filter/demineralizer outlet of the condensate system and
discharge to the low pressure feedwater heaters. Fatlures involving the pumps
and discharge valves could cause the system to deliver water to the reactor
vessel. The motor-driven, horizontal, centrifugal pumps have a capacity of
10,830 gpm each. a discharge pressure of 300 psig, and a shutof f head of
approximately 350 psig.

The sequence initiators identified by INEL as the cause of booster pump
fatlure to maximum flow include the following:

Inftfator A: Any one of three motor-operated feedwater pump discharge
valves fails open, allowing an increased flowrate to the
reactor vessel.

Initiator B: The air-operated startup feedwater bypass valve used to
regulate flow fails open, causing an increased flowrate
to the reactor vessel.

Initiator C: The condenser bypass air-operated valve used to recirculate
the excess condensate flow back to the condenser fails
closed, causing an increased flow rate to the reactor
vessel.

The INEL analysis of initial plant response to these inftiators assumed
that the plant was in a startup mode, with the reactor power at 1 percent,
reactor vessel pressure at approximately 270 psia, and the MSIVs closed. This
was done primarily due to computer modeling 1imitatfons. With the MSIVs closed,
mass flow in the system is severely restricted and the potential for water
hammer and pipe breaks is thus highly unlikely. Breaks due to overcooling at
such reduced temperatures and pressures are also unlikely.

For the purposes of this analysis, 1t will be assumed that the reactor
power has increased to the point of opening the MSIVs, thus fntroducing a real
potential for piping damage 1f overfill occurs. The sequence of events for
reactor vessel overfill as postulated by the INEL is given in Table 6.1.
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JABLE 6.1. Sequence of Events for Overfill Sequence
lime. sec Event Description

0.0 Startup operations. Reactor power is 1 percent, reactor
vessel pressure is approximately 270 psia, and the MSIVs
are closed. One condensate booster pump fails to maximum

flow.
250.0 Steaml ines begin to fill.
350.0 Steaml ines are liquid full. Conldown rate has exceeded

100% /hr (cooldown 1imit).

Effects of Excessive Cooldown and Thermal Shock

It should be noted that the failure of interest identified by INEL is not
the actual steam line break, but that the cooldown rate of the primary system
exceeds the technical specification 1imits. The question is then whether this
cooidown presents a significant potential for inducing vessel damage or rupture
via thermal shock.

The INEL computer simulations of this cooldown scenario produced a cooldown
rate on _the order of 0.36%% per second or 1296% /hr, well in excess of
the 100%/hr allowed by the Technical Specifications. The INEL model was
run with the MSIVs closed due to model limitations, with the implization that
cooldown rates may actually be higher with the MSIVs open as would be the case
during startup. Howewer, the model also assumed constant reactor power where in
fact the reactor would respond to the cold water injection with a power
increase. Because oi the conflicting effects on the cooldown, the INEL results
will be assumed to be bounding until further information becomes available.

To model the potential for thermal snock=-induced failure of the vessel, a
simulation code, ViSA-A (NRC 1983c), was run with the INEL cooldown parameters.
This code was develuped for PWRs, but conceptually can be applied to any
precsure vessel. To run the code, a vessel beltline weld with 0.35% Cu and
0.65% Ni was assumed as representative, with a MeV neutron fluence of 2.0E+18
neutrons per square centimeter. The code aiso contains assumptions of existing
vesse]l flaws which may propagate during the scenario.

When run with the parameters of this failure scenario, the code predicts a
zero vessel failure probabilfty. Although the cooldown rates exceed Technical
Specifications, the pressures involved are significantly below the design limits
so this answer is not unexpected. The real concern in thermal shock is the
potential for overcooling while the vessel remains near its design 1imit (1250
psig operational, 1536 psig hydrostatic test 1imit for Browns Ferry). In PWRs,
this potential exists because the primary system can be solid with water.
However, in a BWR, the system operates with a large steam void in the upper
regions of the vessel. Excessive cooldown rates, even while at higher power
levels than the 1 percent used by INEL, are also accompanied by steam
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condensation and rapid pressure drop. The two cunditions necessary for thermal
shock failure of the vessel, high pressure and rapid cooloown, are thus not
present at the same time and the scenaric is not of great concern in BWRs.

For this reason, the potential for generating a core-melt path directly as
a result of vessel failure given the excessive cooldown must be set to zero at
this time. However, a failure probability on the order of 1E-04 coulcd still be
significant. Given the low initfating frequency predicted by INEL, the
resulting core-melt frequency may be low compared to an overall core-melt
frequency for Browns Ferry of approximately 1E-04/py, but coula be comparable to
the resulting core-melt frequency from Sequence 1 examined in the previous
chapter.

The potential for inducing a steam line break given the overfill scenario
will be considered below.

6.1 SEQUENCE 2: INITIATING FREQUENCY

The initiating frequencies of this sequence and its subsequent progression
to an MSLB are expected to be lower than those for Sequence 1. As a result, it
is felt that a less detailed examination of the initiating frequency of this
sequence is justified. For the purpose of this analysis, the original
frequencies calculated by INEL will be used as a starting point. If the
resulting core-melt frequencies are high enough, a more detailed examination of
failure mechanisms can then be made.

The initiating frequency of the overall sequence was valued at 8.2E-05/py,
with an upper bound of 5.6E-03/py. This was not broken down by the three
initiators above in the INEL report. It is assumed, however, that this value is
based primarily on the accepted rate for failure-to-open-given-closed, or
failure-to-close-given-open of 3E-07/hr. This applies to air- and motor-
cperated valves. When the 192 hr/yr window for startup and shutdown is
considered, the predicted failure rate becomes (3E-07/hr)(192 hr/yr) =
5.76E-05/yr.

However, for Initiator A, the feedwater discharge valves are normally
closed during startup, with flow provided by the bypass valve. The proposed
failure then requires a normally closed valve to fail open. This failure
frequency is lower than that assumed above, implying as it does an inadvertent
control signal to open, or an internal rupture of the valve.

For Initiator B, the feedwater regulating bypass valve for the BWR/4 is an
air-operated valve with an air-to-close/spring-to-open feature. Loss of air
pressure could be assumed to cause the valve to open. However, the air supply
incorporates a lock-up feature in case of loss of signal to the voltage/
pneumat c converter (less than 1 ma), or loss of air supply (less than 75 psig).
Either case will deenergize a solenoid valve which vents the air header of the
valve positioner. Air lock valves in each line to the valve operator sense the
loss of pressure and lock the air in the operator to prevent valve movement.
Loss of air pressure then locks the valve as is. The operator must reset the
system after restoring the proper conditions for operation. The frequency of
Initiator B is thus also significantly below that of a simple valve failure.
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For Initiator C, a condenser bypass valve failure may initially increase
the effective pressure from the booster pumps and through the front-end heater
trains to the bypass control valve. However, all flow to the vessel is still
through the bypass control valve. If the pressure increase is initially
reflected as an increase in flow, the control circuit to the positioner for the
bypass valve will call for decreased flow. As a result, additional failures
would be required in the control circuit to cause an overfill, and the freque
of this sequence is also thought to be lower than a simple valve failure.

However, this frequency includes an estimate of the tim< per vear that the
reactor is at or under the output pressure of the conder-: Lonster pumps.
This occurs for only a relatively short period of time SUV tiy svartup. Once
vessel pressure exceeds 350 psig, the booster. pumps do not have sufficient
pressure to put water into the vessel, and the accident is no longer credible.

6.2 SEQUENCE 2: ACCIDENT PROGRESSION TQ MSLE

The event tree used in modeling this scenario and the plant response to the
overfill is given in Figure 6.1 As with Sequence 1, it is assumed that this
accident must make a transition to an MSLB to be of safety concern. An overcool
in itself is a serious accident requiring a pipe break, valve 1ift, or challenge
of some safety system to represent an accident initiating event.

Considering this as a transient initiator, no damage or impairment of RSS or
ECCS systems is seen. The specific steps in the event tree and the assumed
failure probabilities are discussed further below.

Operator Action

This scenarioc is postulated to take place during normal startup, at a time
when vessel pressure is still low enough to allow input from the condensate
booster pumps. The failure is then assumed to occur when flow is from the
condensate booster pumps via the startup bypass valve. This mode continues
until system pressure reaches 350 psig, with a transition to the main feedwater
system. Level control with flow via the bypass valve uses 1 element control
only (i.e., level indicators only with no steam or water flow correction), and
can be in automatic or manual operation.

During ascent to power, operator attention will typically be focused on
vessel water level and feedwater performance. The operator would be able to
recognize an overfill condition by the reactor vessel high water level alarm,
reactor vessel level indication (strip charts and meters) and increased reactor
feeawater flow. A1l level indicators would also be in agreement, which was not
the case in Sequence 1 where level failures had occurred.

The time available to the operator for diagnosis and action estimated by
INEL is about 5 minutes before spillover could occur. This is a minimum
estimate, with time available for operator action increasing as vessel pressure
approaches 350 psig and the pump outout goes to zero.
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The operator can terminate this transient by either tripping the condensate
booster pump or shutting any of a number of isolation valves between the reactor
and the reactor booster pump discharge depending on the lineup at the time. It
is thus thought that the operator has a real potential for recognizing and
terminating the overfill scenario before spillover occurs.

In Sequence 1, a 50 percent probability of operator failure to identify a
feedwater level failure at 100 percent power was used. The error rate here is
thought to be much less due to the lack of conflicting signals and duties of the
operator at ascent to power. A probability of 30 percent that the operator will
not be able to identify the real problem ir time to end the transient will be

used here. This is considered highly conservative, with values on the order of
1E-03 being more likely.

LIS High Water Level Signal

The reactor vessel level instrumentation was shown in Figure 3.1.
Referring back to that figure, the LIS 3-203 A through D switches will generate
a l-out-of-2 twice signal on high water level for reactor SCRAM, HPCI, turbine
trip, and MSIV closure.

Sequence 1 assumed that failures had occurred in the reactor water level
indicating switches (LIS). The probability of LIS failure during an eight hour
window between shifts would be on the order of 1E-05 (8 hours x 1.2E-06/hr).

It must, therefore, be assumed in this sequence that the high level LIS

trip signals will be generated in this case as the vessel fills. The MSIVs will
therefore be demanded, which at low power would be likely to end the sequence.

In this case, however, the potential for a MSLB will still be assumed.
Reactor SCRAM

The Browns Ferry PRA estimates the SCRAM failure to be 3.0E-05. It is
thought that this scenario would not affect the reactor SCRAM function.

MSIV Closure

The Browns Ferry PRA puts the probability of MSIV failure at close to
1.1E-07. This sequence should not change the valve performance, as the
isoclation signal occurs v ell before overfill occurs. This is in contrast to
Sequence 1, in which spi lover and subsequent MSLB were necessary to generate
the isolation signal. Ciosure of the valves is again thought to significantly
reduce mass flow in the system and thus reduce the probability for inducing pipe
breaks.

MOLE-Pipe Break

The probability of inducing a pipe break is then assumed to be a function
of the mass flow in the system at the time of overfill. If SCRAM fails, the
probability is assumed to be 1.0. If SCRAM occurs but MSIV isolation fails, the
probability is assumed to be 0.5 as with Sequence 1. If SCRAM and MSIV
isolation occur, the probability of MSLB is assumed to be 0.). This is

considered conservative given the Tow system pressures at the time of overfill.
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Resulting MSLB Sequence frequencies

Referring back to Figure 6.1, the sequences that result in MSLB are
summarized below. The MSLB sequences are identified to be Sequences 2.3, 2.5,
207' 208 and 2.9

Application of the assumed failure probabilities in the model event tree
gives the probabilities shown in Table 6.2 for a MSLB with an initiation
frequency of 8.2E-05/yr. This estimate is approximately 2 orders of magnitude
smaller than the MSLB frequency estimate obtained in the previous analysis of
Sequence 1 with feedwater overfill. The impact on core-melt and public risk is
also considered to be 2 orders of magnitude smaller, making the contribution
from this sequence insignificant to the overall contribution to plant core-melt
and risk from transient overfill.

JABLE 6.2. Sequence 2 MSLB Frequencies

MSLE Sequence @ Frequency. l/py
Best Estimate
Sequence 2.3 2.46E-06
Sequence 2.5 1.35€-12
Sequence 2.7 7.38E~10
Sequence 2.8 8.12E-17
Sequence 2.9 2.46E-10
Total MSLB
F requency 2.46E-06
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7.0 SEQUENCE 3: LPCI FAILURE

The third reactor vessel overfill sequence igentified by INEL dealt with
false starts of the low pressure cooling injection (LPCI) system while at low
reactor vessel pressure. This sequence also involves vessel overcool.

The LPCI system in Browns Ferry is a mode of operation of the Residual Heat
Removal System pumps that floods water into the core. The core spray system
starts from the same signal of low water level in the reactor or high pressure
in the containment drywell and operates independently to achieve the same
objective. The isolation valves for these two systems are opened when reactor
pressure is less than 500 psig, but injection flow does not occur until the
differential pressure across the check valves permits. This occurs when the RPY
pressure is less than 300 psig.

The sequence initiators identified by INEL as the cause of false LPCI
injection include the following:

Initiator A: Local LPCI pump switch shorts to power causing the pumps to
start.

Initiator B: Remote LPCI pump switch shorts to power causing the pumps to
start.

Initiator C: Shorts in pump control circuits (four pump control circuits)
causing the LPCI pumps to start.

Initiator D. Short in 1 out of 2 taken twice logic circuit for reactor
level occurs, resulting in LPCI initiation due to a false
low-1ow level signals.

Initiator E: Short in 1 out of 2 taken twice logic circuit indicating
a “alse high drywell pressure occurs, resulting in LPCI
initiation.

Initiator F: Two drywell pressure switches fail closed due to common
cause and initiate LPCI pump start.

Initiator G: Two reactor vessel low water vessel switches fail closed
due to common cause and result in LPCI pump start.

Initiator H: Two independent (fail closed) failures of drywell
pressure or reactor vessel water level sensors occur,
causing LPCI initiation.

As with Sequence 2, the INEL analysis of initial plant response to these
initiators assumed that the plant was in a startup mode, with the reactor power
at 1 percent, reactor vessel pressure at approximately 270 psia, and the MSIVs
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closed. These assumptions were made primarily due to computer modelig
limitations. With the MSIVs closed, mass flow in the system is severely
restricted and the potential for water hammer and pipe breaks is thus highly
unlikely. Breaks due to overcooling at such reduced temperatures and pressures
are also unlikely.

For the urposes of this analysis, it will again be assumed that the
reactor power has increased to the point of opening the MSIVs, thus introducing
a real potential for piping damage if overfill occurs. The sequence of events

for reactor vessel overfill as postulated by the INEL is given below in Table
7.1.

JABLE 7.1. Sequence of Events for Reactor Vessel
Overfill Sequence 3

Iime, sec Event Description

0.0 Startup operations. Reactor power is 1 percent, reactor vessel

pressure is approximately 270 psia, and the main steam
isolation valves (MSIVs) are closed.

0.05 Loss of condensate booster pumps occurs.
125.0 Steaml ines begin to fill.
. Del Steaml ines are liquid full. Cooldown rate has exceeded

100°F/hr (cooldown limits).

Effects of Excessive Cooldown and Thermal Shock

As in the previous sequence, the failure of interest identified by INEL is

not a steam 1ine break, but that +he cooldown rate of the primary system exceeds
the technical specification limits.

It is again the current position of PNL that the potential for vessel
damage and loss of coclant is negligible at the pressures, initial temperatures,
and cooldown rates given. Probability of pressure vessel rupture is thus valued

at zero. If more information were to become available, this conclusion could

be updated. In any event, to be conservative the potential for inducing a steam
line break given the overfill scenario will be considered below.

7.1 SEQUENCE 3: OVERFILL INITIATING FREQUENCY
As with Sequence 2 just examined, the initiating frequencies of this

sequence and its subsequent progression to an MSLB are expected to be lower than
those found for Sequence 1. As a result, it is felt that a less detailed
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examination of the initiating frequency of this sequence is justified. For the
purpose of this analysis, the original frequencies calculated by INEL will be
used as a starting point. If the resulting core-melt frequencies are high
enough, a more detailed examination of failure mechanisms can then be made.

The INEL estimate of initiation frequency for false start of the LPCI is
put at 3.6E-03/py, with the upper bound of 7.7E-03/py. For this analysis, the
best estimate value of 3.6E-03/py will be carried through to MSLB.

Note that as with the booster pump failure in Sequence 2, this frequency
includes an estimate of the time per year that the reactor is at or under the
output pressure of the residual heat removal (RHR) pumps used for LPCI. This
occurs for only a relatively short period of time during startup. Once vessel
pressure exceeds 350 psig, the pumps do not have sufficient pressure output to
put water into the vessel, and the accident is no longer credible.

7.2 SEQUENCE 3: ACCIDENT PROGRESSION TO MSLE

The event tree used in modeling this scenario and the plant response to the
overfill is given in Figure 6.1. It is again assumed that this accident must
make a transition to a MSLB to be of safety concern. An overcool in itself is
not a serious accident, requiring a pipe break, valve 1ift, or challenge of some
safety system to represent an accident initiating event. Considering this as a
transient initiator, no damage or impairment of RSS or ECCS systems is
predicted. The potential for core damage would be very small given the
transient initiating frequency of 3.6E-03/py. It is thus thought that the
consideration of a MSLB as indicated in Figure 6.1 will bound the estimat. of
core damage from this sequence.

The specific steps in the event tree and the assumed failure probabilities
are discussed further below.

QOperator Action

This scenaric is postulated to take place during a normal startup, at a
time when vessel pressure is still low enough to allow input from the RHR pumps
in LPCI mode.

The operator would be able to recognize this abnormal occurrence by
indications that the RHR system has started in the LPCI mode. This includes
valves repositioning, pump run indication. and pump discharge pressure and flow
increasing.

During ascent to power, the cperator attention will typically be focused on
vessel water level and feedwater performance. The operator would be able to
recognize an overfill condition by the reactor vessel high water level alam,
reactor vessel level indication (strip charts and meters) and increased reactor
feedwater flow. A1l level indicators would also be in agreement on the

overfill, as in Sequence 2.
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INEL estimated the time available to the operator for diagnosis anag action
to be 2 minutes before spillover could occur. This is a minimum estimate, with
time available for operator action increasing as vessel pressure approaches 350
psig and the pump output goes to zero.

The operator can terminate this transient by simply tripping the RHR pumps.
It is thus thought that the operator has a real potential for recognizing and
terminating the overfiil scenaric before spillover occurs.

In Sequence 1, a 50 percent probability of operator failure to identify a
feedwater level failure at 100 percent power was used due to conflicting
signals. For Sequence 2, this was reduced to a 30 percent failure rate due to
l1ikely operator awareness of vessel level during startup, and the time available
to correct the problem. In this sequence the operator is still likely to be
closely monitoring vessel water level during startup, but slightly less time is
available. Operator termination is again thought to be very 1ikely, but a
highly conservative failure probability of 40 percent will be assumed here.

Initial System Response to Overfill

The initial response of the reactor systems to the overfill scenario are
expected to be the same as developed previously for Sequence 2. This includes
the LIS High Water Level Signal, the Reactor SCRAM, and the MSIV Closure
functions. The progression of the accident is again not thought tc impact the
performance of these systems.

Main Steam [ine Break (MSLE)

As in Sequence 2, the probability of inducing a pipe break is then assumed
to be a function of the mass flow in the system at the time of overfill. If
SCRAM fails, the probabflity is put at 1.0. If SCRAM occurs but MSIV isolation
fails, the probability is put at 0.5 as in Sequence 1. If SCRAM and MSIV
isolation occur, the probability of MSLB is put at 0.]. This is considered
conservative given the low system pressures at the time of overfill.

Resulting MSLEB Sequence frequencies

Referring back to Figure 6.1 with the operator action probability at 0.4
instead of 0.3, the sequences that result in MSLB are summarized below.

The MSLB sequences are identified to be sequences 2.3, 2.5, 2.7, 2.8 and
2.9'

Application of the assumed failure probabilities in the model event tree
gives the probabilities for an MSLB initiation shown in Table 7.2.
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JABLE 7.2. Sequence 3 MSLB Frequencies

MSIB Sequence @ Erequency
Sequence 2.3 1.44E-04

Sequence 2.5 7.92E-11

Sequence 2.7 4.,32E-08

Sequence 2.8 4.75E-15

Sequence 2.9 1.44E-08 (less than)
Total MSLB

Frequency 1.44E-04

This MSLB frequency estimate is thus approximately 10 times smaller than
that estimated for Sequence 1 with feedwater overfill. As a result, the impact
on core-melt and public risk is also considered to be 10 times smaller.
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8.0 BROWNS FERRY MSLB EVENT TREES TO CORE-MELT

As discussed previously, the accident progression will generate an MSIV
isolation signal (given an MSLB) from sensors in the main steam tunnel or dry
well. In addition, sufficient condensation of steam in the main steam lines to
below 825 psi will also produce an isolation signal. It is thus thought that
the probability of an isolation signal is 1.0.

Pipe breaks downstream of the MSIVs would then require the MSIVs to close
to successfully isolate the vessel. The Browns Ferry PRA considered the
probability of failure of the two MSIVs to be 1.1E-07 (NRC 1982a), which would
put the failure to isolate several orders of magnitude less than that for
ruptures inside containment. A more conservative valve failure probability of
3.2E-03/demand or 1E-05/pair would still give a similar conclusion. The
question remains, however, whether the performance of the MSIVs is affected in
some fashion by the overfill transient.

The four main 26-in. pipe runs exit the vessel and drop down to a level
where they exit the drywell. The MSIVs are then located on either side of the
drywell penetration. Upstream of these are the safety relief valves, and the
steam flow restrictors. This portion of the steam 1ine then presents two 90
degree bends, but is otherwise relatively unrestricted. In the case of
overfill, water hammer and vibrations of tyo phase flow could interfere with
valve operation or cause outright damge(a . The overall impression is that
some chattering may occur during closing, but that the hydraulic forces woull
actually tend to force closure and seating of the valve. Increasing this
failure probability is thus not thought to be justified at this time.

The event trees used in modeling the plant response to the overfill as
developed in the Browns Ferry PRA are shown in Figures 8.1, 8.2 and 8.3. These
represent large, medium, and small steam line breaks respectively above the
MSIVs. Pipe breaks downstream of the MSIVs are possible: however, two MSIVs
must fail to close in addition to the pipe break to be of concern. This is
assumed to reduce the safety significance of such breaks to well below that of
breaks upstream of the MSIVs, given their apparent ability to perform with water
in the steam lines. As in the Browns Ferry analysis, it will therefore be
assumed that the breaks occur upstream of the MSIVs. The appropriate system
response for such breaks is shown in Figures 8.1 through 8.3.

The approach used by Browns Fercy to model pipe breaks above the MSIVs is
therefore also thought to be the most conservative approach for the overfill
analysis, and will be used here. However, the other systems on the event trees
must also be examined to see if the overfill scenarfo impacts the associated
failure probabilities.

(a) Personal communication with Elvis Hollins, Chairman, MSIV Task Force,
Tennessee Valley Authority (TVA), June 19, 1984,



2’8

Break Size (t%) 141041

Legena

S/0 = Shutdown

PB AS sCi ECI DHR
LOCA CRD VS 2 CS Loops | ' CS Loop 1 LPCI 4 LPCI Torus Cig| S/D Cig
Ly 8 < Fa o Gp Ge Ay Fia

Cig = Cooling

| S

—

FIGURE 8.1.

Sequence
Designator

LyRgRa

LyFaRgRy
LyFaGg

LyFaFgRgRa

LyCRgRA

LVCFARBQA
LVCFAGD

LyCFAFgRpR,
LyCFAFgGe
LyB

LyBC

LOCA Systemic Event Tree for Large Steam Line Break (Lv).

X = Function failure
RISIE|D
S|IC|C|H Remarks
| IR
Core cooled
Core cooled
X | Slow meit
Core cooled
Core cooled
X | Slow melt
X WNIA Melt
Core coolea
Core cooled
X | Slow meit
X IN/A| Melt
X Core cooled
x Core cooled
X X | Slow meit
X Core cooled
x Core cooled
X X | Siow meit
X | X INIA| Ment
X Core cooled
X Core cooled
X X | Slow meit
X | X IN/A] Ment
X lelNM Meit
Xx|Xx 'u N/A| Melt
INEL 2 1633




£°'8

X = Function failure

PB RS SCi ECI DHR
LOCA CHD Vs HPC! 1CS Loop| 1LPCI |TorusClg | S/DCig Sequence
v K. . 8 D B A | Designator
Break Size mz)‘ 0121014
v o
S/D = Shutdown |vR8aA
Cig = Cooling
FIom=m=mm=="
transient {
systemic DR
event trees vUrgia
(Figures A-13
WDF sARgR,,
o
e Gl
hemm— =

L conn,

'——L_.(: S

IyCDF gGpy

lvB

1y8C

. IGURE 8.2. LOCA Systemic Event Tree for Intermediate Steam Line Break “V)'

S|E|D
CI|ClH Remarks
1|1 ]|R
Core cooled
Core cooled
X |Slow meit
Core cooled
Core cooled
X | Siow melt
Core cooled
Core cooled
X | Slow melt
X IN/A] Meit
X Core cooled
X Core cooled
X X | Slow meit
X Core cooled
X Core cooled
/s X | Siow meit
X Core cooled
x Core cooled
X X | Slow melt
X1 X INIA| Melt
N/AIN/A| Melt
X (NJAIN/A| Melt
INEL 2 1635




e

X F fail
PB RS SC ECI DHR = Function failure
R|IS|E|D
LOCA CRD vs HPCI ADS [1CSLoop| 1LPCI |Torus Cig | SID Clg Sequence s|clciH Remarks
S 8 < 0 E g Gp g Ha Designator 1ji|lm
. Core cooled
Break Size (1) Less Than 012 O il
. : : SRgRa X | Siow meit
SiD = Shutdown Core cooled
ool . D
SDRgR,, X | Slow meft
Core cooled
Jpbm——— Core cooled
Bt am—
SDFBRBRA X | Siow melt
SOFBGD X IN/A| Melt
SDE X IN/A| Meit
x Core cooled
g e 1) | (e
SCRgR4 X X | Siow meit
X Core cooled
Jl___: X Core cooled
X Core cooled
L———{—____ x Core cooled
SCOFgRgR x X | Slow meit
SCDF gGpy x | x [nal Meit
SCDE X | X [NJA| Meit
SB x PNIAINAL Melt
- SBC X | X paltiAl Melt
INEL 2 1636

FIGURE 8.3. L<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>