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BYRON/BRAIDWOOD NUCLEAR GENERATING STATONS

ATS RELIABILITY ANALYSIS
GA-Cl6444

1.0 Introduction
1.1 Qbjectives

The objectives of this study were to:

+ Meet the requirements of the NRC generic letter dated March
10, 1980 (Ref. 8).

« Meet the acceptance criteria II.5.c. of NUREG-0800 (Ref. 5).

1.2 Background

The reliability characteristics of the four Byron/Braidwood (B/B)
Auxiliary Feedwater Systems (AFSs) were evaluated in response to the NRC
generic letter of March 10, 1980. NUREG-0611 provides the basis of
qualitative comparison for the Byron/Braidwood AFS reliability with
Westinghouse designed coperating plants., NUREG-0800 provides the
acceptable AFS quantitative range per demand as well as the methods and
data to be used. Both qualitative and quantitative reliability results
are presa2nted in this study.

The Byron Unit 1 and 2 and the Braidwood Unit 1 and 2 AFSs are
identical systems. The system evaluated in this study is the Byron Unit
1 AFS. The only difference identified between Byronm Statiom and
Braidwoed Station is the reliability of the offsite power systems. The
Braidwood offsite power system is considered to be more reliable for the
reasons stated in section 4.1.2. Hence, to be conservative and to
simplify the analysis a Byron AFS was chosen to be evaluated.

The Byron/Braidwood AFSs are redundant and diverse. The AFSs
consist of three (3) trains; safety Treins A and B, and a non-safety
Train C. Each train can supply 1002 of the flow required for residual
heat removal. Each pump has a different power supply. Train A and C
pumps are electrically dependent. The Train B pump is electrically
independent.



Trains A and B have two independent water supplies, the condensate
storage tank and the essential service water system. The Train C water
supply is the condenser hotwell. Trains A and B are automatically
actuated. Train C is manually actuated. Trains A and B flows enter the
steam generators (S5Gs) via the tempering flow lines. Train C flow
enters the steam generators via either the main feedwater lines or the
tempering flow lines. Trains A and B are tested on a monthly basis and
following each maintenance out=ge. Train C is operated non-periodically
on each plant start up and shutdown. Hence, considerable difference
exists between the trains. The potential common cause failure areas is
the check valves in the pump discharge lines.

The remainder of this report describes the Byron/Braidwood AFS
reliability analysis assumptions, methodology and results.

1.3 Scope of Study

Thie study presents a qualitative comparison of the Byron/Braidwcod
AFS design to the cperating Westinghouse designed plants using the
methodology of NUREG-0611.

This study alsc presents a quantitative analysie of the AFS using
methods and data presented in NUREG-0611 and NUREG-0635.

This quantitative method of analysis consists of two approaches.
The detailed analysis was performed using Reliability Block Diagrams
(RBD). The uncertainty analysis was performed using fault trees (FT).
The results of each apprcach were compared to uncover data
inconsistencies, modeling differences and unreascnable assumptions.

1.4 Criteria and Assumptiogs

The following anmalytical criteria, definitions and assumptions have
been made:

A. The top event for this study is taken from NUREG-0611 which
states: The time interval of interest for all transient events
consider=d is the availability of the auxiliary feedwater system
during the period of time to boil the steam generator dry.

B. The 20 to 20 minutes beoil dry time assumed in NUREG-0611 is used
in this study.

C. The following initiating events were used in this study as
required by NUREG-06il and are assumed to occur on cme unit
only:

Event A: Loss of main feedwater (LMFW) with reactor trip
(LMFW/RT)

Event B: LMFW coincident with loss of offsite power to both
units (LMFW/LOOP)

Event C: LMFW coincident with loss of all AC power except for
any derived from batteries (LMFW/LOAC)

1-2
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Availability Criterion: Given that one of the postulated demand
events occurs, unit AFS availability is defined as a success
when at least one pump train starts and provides adequate
feedvater to at least 2 of 4 steam generators in < 20 minutes
(dryout time). Repair and recovery was not included in this
study.

Availability of AFS Power Sources: The following conditions are
met with respect to the postulated demand events and the
resulting AFS success.

1. LMFW: All AC and DC power available.
2. LMFW/LOOP: Diesel Generator lA or 2A is available for Train A
3. LMFW/LOAC: DC and battery-backed AC available for Train B

The failure rate data base used for quantification was taken
primarily from NUREG-0611. Additional data were taken from
Reference 2. The compcnent failure data determined the level of
detail to which the analysis was taken.

Degraded Failures: A partially successful performance ot any
active or passive component was not comsidered. Each compoment
and each operator action was assumed to be either successful or
failed.

AFS Actuation and Control: For sutomatic operation during
emergency shutdown conditions the Engineered Safety Feature (ESF)
signal is initiated by any steam generator low-low level, safety
injection and/or loss of offsite power. This starts AFS Trains A
and B. The AFS Trains A, B, and C can also be actuated manually.



2.0 Summary of the AFS Reliability Study

The two objectives of this study were to evaluate the reliability of
the Byron/Braidwood Auxiliary Feedwater Systems for three initiating
events and to meet the requirements of the NRC generic letter dated March
10, 1980 and NUREG-0800. The results of t'.ese evaluations are presented.
Findiugs stem from insights gained through the modeling and calculations
indicates that the Byron/Braidwood AFS are 'ell designed froem the
reliability viewpoint.

2.1 NUREG-061]1 Method of Apalysis (Qualitative)

The qualitative analysis of the AFS was achieved according to the
qualitative criteria in NUREG-0611. Details of this comparison are
presented in Table 4.Z and discussed in Section 4.2. The results are
summarized in Figure 2.1.

2.2 Method of Quantitative Apalysis

The quantitative analysis of the AFS complied with NUREG-0800 which
stated: ~An acceptable AFWS should have an unreliability in the range of
10°% to 10-5 per demand on an analysis using methods and data presented in
NUREG-0611 and NUREG-0635." Details are presented in Table 4.3 and
discussed in Section 4.3, The results are summarized in Table 2.1.

The quantitative analysis was achieved using two wethods. The first
metbod used hand calculations based on point estimated reliability

methodology. The second method used probubility distributions in a fault
tree code.

Insights into the impact of AF{ reliability were first determined
with event trees on & qualitative basis. Reliability Block Diagrams
(RBDs) were used to study compoments in the AFS and provide first cut hand
calculations to determine important contributors to unreliability. Next,
a fault tree (FT) was developed and processed for the minimal cut sets.
Then the STADIC computer code was used to calculate the probabilities and
uncertainties for the fault trees under different initiating event
conditions. Finally, the computer and hand calculations were compared, to
assure that the quantitative results are reascnable and within the error
spread as determined from the fault tree analysis. Details of these
calculations are presented in Section 4.3.




2.3 Comparison of Quantitative Methods

The two assessment methods should give comsistent results if the same
assumptions are used in the logic of both RBDs and fault trees. The two
methods can be made identical for simply defined systems. In this
analysis both methods were employed to complement each other. The RBD and
FT numerical unavailabilities were in close uigreement. The RBD
unavailability estimates were well within the error spread as determined
from the FT estimates.

In the calculation of common cause factors a simplification was made
in which the point estimates of Beta, & factor used in common-cause
failure methodology (Ref. 9 and App.F), were 0.l for intra train
redundancy aad 0.03 for inter train redundancy.

2.4 FEindings

« The Byron/Braidwood (B/B) three train design is assessed to have high
reliabilities (see Figure 2.1) based on the qualitative criteria
described in NUREG 0611 for the three initiating events, (LMFW,
LMFW/LOOP, and LMFW/LOAC). (Section 4.2)

. The B/B AFS meets the NUKEG-0800 acceptable unreliability range of
104 to 1073 per demand for the LMFW and LMFW/LOOP (see Table 2.1).

+ Testing does not incapacitate the ESF trsins due to the autcmatic

opening of the ESF pump discharge test valve if an AFS requirement
occurs.

+ Low NPSH problems does not incapacitate the ESF pump train due to the
automatic transfer to the standby water supply system (ESW - Essential
Service Water).

. Inadvertent ESF pump maintenance valve closures due to human errors
are minimized because of the autcomatic opening of the ESF pump
discharge test valve and of the automatic transfer to the standby
water supply system. Both automatic systems have remote manual
overrides in the control room.

« Full flow testings of ESF pump trains and its associated valves from
the condensate storage tank into the SGs at power operation during
periodic testings and following maintenance cutages will verify proper
valve alignment, exercise check valves and test for valve plugging.

. The Byron/Braidwood Trains A and B are partly diverse and, therefore,
resistive to some types of common cause failures. Train C is diverse
from Trains A and B, but is dependent on off-site power availability.
(Appendix F)
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The major component contributor to the ESF train unreliability is the
pump startup and its local control circuit failure.

The major contributors to the non-ESF train unreliability are the
three manual operaticns (manual reset of Logic A, manual reset of
Logic B and the manual start of Trein C pump) required to start Train
C.

The major common cause component contributor to the B/B AFS
unreliability indicated to be the pump discharge check valves.

The major operaticnal contributors to the B/B AFS unreliability
(independent and common cause) indicated to be the normal
—hlrduare/operator error  unreliability and the AFS unreliability
during “maintenance” of a pump train. The point estimates indicated
that the “maintenance” unreliabilities to be slightly greater than the
“hardware/operator error” unreliabilities, however, the error spread
(uncertainty) for each of these values determined from the fault tree

analysie showed that these values were well within the error spread of
the cother.

The “test  and “human error” operational contributors to the B/B AFS
unreliabilities (independent and common cause) were calculated to be
at least 2 orders (<1072) less than the “hardware/operator error and
“maintenance” operaticnal contributors. Thus, the ~test  and ~human
error unreliabilities were determined to be insignificant in the

total B/B AFS unreliability and were not estimated with the fault tree
code.

Automatic switching to the essential water service system on low
suction pressure for Trains A and B does not significantly improve the
AFS quantitative reliability. (Section 4.3)

2.5 Recommendations for the AFS Operatiop

Supply the Train C auxiliary feedwater pump electric power from the

bus fed by off-site power from the System Auxiliary Transformer (SAT)
to eliminate bus transfer unreliability.

Conrider manual instead of automatic actuations of the Essential
Service Water System (ESW). Spurious cperationm could introduce
untreated water into the steam generators. Manual operation c¢f ESW
would prevent spurious automatic actuations.

2-3
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Table 2.1

SUMMARY OF BYRON/BRAIDWOOD AFS UNRELIABILITY ESTIMATES

INITIATING POINT ESTIMATE FROM RBD MEDIAN ESTIMATE FROM FAULT TREE
EVENT (unavailability/demand) (unavailability/demand)
LMFW 3.4E-6 1.8E-6(7)*
- o
o g
33
o LOOP 9,2E-5 9,.8E-574)*
- o
oo
@ ©
o e
0 -
LOAC 1.1E-2 1.28-2(3)#
o
< LMFW 8,2E-6 1,2E-5(4)*
§ o
o n
¢ 2
o ®
£ ©
o E LOOP 1.0E-4 1,5E-4(3)*
-0
oo
w
3 +
w

* Error spread = Q952/QSOZ assuming log normal distribution

Significant Number to One Place

D o3 =3
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3.0 Auxili Foed s ; e
3.1 General AFS Information

The function of the Auxiliary Feedwater System is to provide residual heat
removal when the main feedwater (MFW) system is unavailable. The AFS consists
of three 100% trains. Eacb train has the capacity to supply the steam
generators with sufficient feedwater to cool down the unit safely to 350°F, the
temperature at which the low pressure residual heat removal system can be
utilized. One of the trains is used during start up and shutdown of the unit.
A simplified drawing of the Bryon/Braidwood AFS is shown in Fig. 3.1.

Auxiliary feedwater is supplied by diverse means with two automatically
initiated safety trains, Trains A and B, and one manually initiated non-safety
train, Train C. ESF Bus 141, the bus that supplies the Train A motor driven
auxiliary feedwater pump, is capable of being supplied from ome of three
sources: the system aux transformer (SAT 142-1); the diesel gemerator (DG 14);
or the Unit 2 ESF Bus 241, In the event of a LOOP event, Bus 141 autcmatically
transfers to DG 1A, If DG 1A fails to start, the operator is able to close two
breakers from the control room to feed Bus 14l from Bus 241, which still has
power from the system aux transformer associated with that Ltus or from diesel
generator 2A. The operator is capable of closing these breakers within the 20
minute steam generator boil dry time assumed in this analysis. Train B
utilizes an ESF seismic Category I diesel-engine driven pump. This
diesel-engine pump is AC power independent. Trains A sad B are located in the
Auxiliary Building.

Train C utilizes the start up feedpump, a non-ESF electric-motor driven
pump. This train is also used during unit startup and ncrmal unit shutdowa
from less than 10X power. It is also used in the hot standby mecde. Train C is
locatec in the Turbine Building.

3.2 System Operation

Successful unit cooldown can be achieved by supplying feedwater to any two
of the four available steam generators. Safety analysis has shown that 160 gpm
delivered to each of three steam generators or 240 gpm de'ivered to each of two
steam generators is sufficient for residual heat removali. Each of the ESF
trains, Traios A or B, bas two times the minimum capacity. The non-ESF train,
Train C, bas approximately four times minimum capacity. Hence, any one of the
three trains can supply the needed cooling water to the secomndary side of the
steam geneiators.

The Train A pump motor drive is powered from ESF Bus 14l. The Train A AFS
regulating valves are powered by 125 V DC ESF 131X4. The Train A AFS isolaticn
valves are powered from 480 V AC ESF Bus 131. The AFS isolation valves are
normally open and are not required to change position on AFS actuation.

The Train B pump diesel engine is supplied by its own 24 volt DC

batteries. This diesel drive is self-contained and completely independent of
AC power under emergency conditioms. Train B AFS regulating valves are powered

3-1



by 125 V DC ESF Bus 112. Train B AFS isolation valves are powered by 480 V AC
ESF Bus 132. The AFS isolation valves are normally open and are nmot required
to change position on AFS actuation.

The Traio C pump moter is powered from & non-ESF bus. This train 18
unavailable on loss of offsite power.

The ESF logic system will automatically start Trains A and B on three
signals: lo-lo level in the secondary side of the steam generator; a safety
injection signal; and a loss of cffsite power signal. Maoual start up
capability from the control room backs up the autcmatic system start.
Instrumentation and controls are alsc provided at the remote shutdown panel in
the unlikely event that the control room must be evacuated. Train C is

manually cperated from the control room and provides a manual back up to Trains
A and B.

The norma. water supply for Trains A and B is the condensate storage tank.
The alternate supply is the essential service water system. Train C takes a
suction cn the coudenser hotwell via the condensate/condensate-booster pump.

The Train A and B pumps are protected against low suction pressure with a
run inhibit signal. This condition is corrected by the autcmatic opening of
essential service water (ESW) valves to the suction of the auxiliary feed pump.
This occurs when a low suction pressure signal is received.! The automatic
startup can be initiated within about ] minute from the initiation of th> Lo-Lo
Steam generator level signal. This is well within the limit of 30 minutes set
by the inventory of secondary water already in the steam generators.

To prevent pump damage a recirculation linme is provided on each AFS pun.p
discharge which bypasses flow to the condenzate storage tank or essential
service water system for the ESF pumps and to the condenser hotwell for the
non-ESF pump. Excessive recirculation flow is prevented by orifices in the

piping, bence each of the pumps can supply the full feedwater requirement with
full recirculation flow.

Monthlvy periodic tests are required for Trains A and B. Only cone train is
tested at 2 time, the other train remains in a normal lipe up. The
air-operated discharge test valve is closed and the pump is warmed up on
recirculation flow. The ESF logic start signals stated above will
autcmatically open the discharge valve. Hence, the train under test is always
available to supply auxiliary feedwater to the steam generators. The
conclusion of the test requires the train valves to be aligoned to the steam
generator for a full flow test. This portiom of the pericdic test will

identify any plugged or inadvertently closed valves. The same test is required
following each maintenance or repair activity.

IThis action provides unprocessed water to the main steam generators., Section
4.3 shows that this action does not significantly improve AFS reliability, for
the initiating events considered.

3-2
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Train C operation is tested by normal use during startup ead shutdown of
the unit. It is alvays available except following loss of offsite power.

From the reliability viewpoint, the key components which contribute to the
AFS unreliabilities are the electric and diesel drives and their controls.
Valves in the water pathway have been contributors to system failure im other
AFS but tbe normally opened valves, the application of check valves, and the
monthly full flow tests reduce their contributions. A failure of the
condensate water supply is not a major coutributor because of the partly
diverse valve train from the tank and the automatic backup water supply system.
Maintenance outage of & train is also a contributor to AFS unreliability.

3.2.1 Hater Pathway
3.2.1.1 Irains A and B

The normal water supply is the 500,000 gallon condensate storage tank. A
minimum capacity of 200,000 gal is reserved for the Trains A aad B. In
addition to this normal water supply and the essential service water (ESW)
system, the condensate tank from the other unit can be manually valved in by
changing the position of one valve.

The auxiliary feedwater pump discharge is routed to the steam generators
via the tempering flow lines. From the steam geperator the steam is aormally
discharged to the condenser through the steam dump system. Should the
condenser be unavailable, the steam is vented to atmosphbere through the
secondary relief valves. Either path provides for successful operation of the
AFS, since the AFS functicm is to remove heat from the steam generators until
either a restart conditicn or the residual teat resoval system ccndition is
reached.

The asuxiliary feedwater flow to the steam generators is controlled from
t e control room. The control valves are throttled as the desired steam
generator level is reached and the decay bheat lcad diminishes during a cool
down cycle. Depending on which trains, pumps, and steam generators are
available, the operator can line up the appropriate valves to establish AFS
flow patbs. Any train can feed any of the four steam generators. In the
unlikely event that the control room wust be evacuated, the AFS valves and
pumps can be operated at the remote shutdown panel.

When the AFS has cocled the plant down to 350°F, about 5 hours after the
initiating event, the residual beat removal system can manually be placed in
operation and the AFS trains are manually placed in standby condition.

3.2.1.2 Irain C

The Train C water supply is the condenser but well. The ncrmal volume is
approximately 100,000 gallons. Four 332 condensate/condensate booster pumps
are available. Each condensate/condensate-booster pump is driven by oue moter.



With off-site power available, the running pumps will remain operating and
recirculatiog to the condenser, thus providiug NPSH (pet positive suction head)
to the Train C pump. This pump is manually controlled from the control room.
An ESF logic start of Trains A and B will automatically close the muin
feedvater valves used by Train C. To start Train C, the steam gemerator (SG)
feedwater valves must be manually reset with pushbuttons, one for Logic Train A
and one for Logic Train B.

3.2.2 Auxiliary Feedwater Drives
3.2.2.1 Diesel Driven Auxiliary Feedwater Pump

This 1250 HP diesel driven pump is designed to be independent of AC power
under emergency conditions. It is automatically started by a self contained
24 Volt D.C., battery-powered, start system. When any of three emergency
sigonals (e.g. the Lo-Lo steam generator level, safety injection, or loss of AC
power) are received the diesel is started. The pump provides 840 gpm at a 3350
feet bead. This Detroit Diesel has its own 500 gallon supply of fuel, intake
and exhaust air ducts, internal lube oil pump, and water jacket cooling pump.
An axial vane fan driven from the gear box circulates air over the engine to
provide cooling during opecation. The heated air is exhausted through passive
building vents. When AC power is available, backup pumps are available for oil
pressure, water jacket cocling and room a’'r cooling. These backup systems help
reduce engine wear during testing periods by providing prestartup oil pressure
to the bearings and providing backup engine ccoling.

3.2.2.2 ESKE Motor Drivep Auxiliary Feedwater Pump

The electric motor driven pump is used in must Pressurized Water Reactors
(PWRs) as a diverse method of supplying suxiliary feedwater. In the B/B design
the Train A pump is powered from the 4160 volt ESF Bus No. l4l. This
hovizontal pump rated at 1250 BP provides 890 gpm at 3350 feet of head. This
pump is functionally redundant to the diesel driven pump under all conditicns
except the loss of all AC power.

3.2.2.3 Non-ESF Motor Driven Auxiliary Feedwater Pump

The non-ESF electric motor driven pump is rated at 2000 BP and can provide
5300 gpm at 1200 feet of bead. It is powered from a non-ESF 6.9 KV bus.

This electric moter driven pump has two requireuents. Off-site power and
at least cne of the four condensate/condensate-booster pumps running to provide
auxiliary feedwater to the four steam generators. The condensate/condensate-
booster pumps alsc require off-site power. Commonwealth Edison's practice is
to operate with ~50% of the house lcad on the unit auxiliary transformers
(UATs) and 50% on the syetem auxiliary transformers (SATs)(FSAR pg. 8.3-2). On
a turbine-generator trip, twe condensate/condensate-booster pumps will continue
to operate on the SATs. The other condersate/condensate-booster pumps will
continue to run while the bus breakers automatically transfer from UAT to SAT.
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3.2.3 Yalving
3.2.3.1 (Condensate Storage Tank Valves

The ESF AFW pumps are supplied from the Condensate Storage Tank via two
separate lines, both of which are normally :)igned to supply the ESF AFW
system.

One line bes a manual, locked open valve and a check valve in series. The
other line bas two manual, normally open valves in series. The lines combine
downstream of these valves in the Turbine Building and this common line splits
to supply the two ESF AFW pumps in the auxiliary building through a manual,
locked open valve and a check valve in series in each pump supply line.

3.2.3.2 Auxiliary Feedwater Pump Sucticn Valves (Mapual)

The manual suction valves to the Train A and B are locked open. In the
case of low suction pressure the check valves in the suction lipne prevent
backflow from the essential service water system to the condensate tank. The
positicning of these valves are verified by the full flow testing procedure.
Plugging or manually closing these vaives are the most likely cause of loss of
cormal suction from the condensate stcrage tank.

3.2.3.3 Auxiliary Feedwater Supply Valves

Each train supplies all four steam generators. The separate Train A and
Train B supply lines combine into a commen header prior to entering the
tempering flow lines at each steam generator. Each suppi; line bas three
valves; a check valve; a motor operated isolationm valve; and a flow control
valve. The control valves are air operated valves controlled from the ccatrol
room or from the remote shutdown panel. The valves fail open on lose of air or
loss of power to the solencids. The control valves bave an automatic setpoint
controller which limits flow to 160 gpm to each steam generator when the pumps
are running. The setpoint is monitored by the ESD (Engineered Safety Display)
panel. Aoy controller output less than the setpoint value will initiate an
alarm on the ESD panel.

3.2.3.4 Auxiliary Feedwater Backup Water Supply (Automatic)

The essential service water back up supply valves are normally closed,
zotor-operated valves. There are twe valves in series to each pump suction.
these valves are powered by ESF buses. A low pump suction pressure signal
developed independently by each train in conjunction with a lo-lc SG level, SI,
Loss of Power signals will autcmatically cpen these valves. They can also be
opened from the control room or manually at the valve.



3.2.3.5 Irain C Valves

The Train C flow path utilizes the normal main feedwater linmeup. All the
valves are to remain in operating position following a loss of main feedwater
condition except for the main feedwater flow control valves. These valves muet
be reset and maaually positicned from the control room for auxiliary feedwater
flow from the Train C pump.

3.3 Inspection and Testing Requirements

The AFS trains are capable of being tested while the plant is in normal
operation., A full flow test through the AFS valves allows the valve positions
to be operationally tested. Discharge pressures and flow indications ar~
provided locally and in the control room. Periodic testing will identify any
“plugged” valve failures. During the first phase of the test procedure, the
discharge test valves are clcsed and the auxiliary feadwater is recirculated
back to the coudensate storage tank. After the pump is tested, the discharge
valves will be opened to allow full flow into the steam generators. These
valves are designed to open on an ESF start signal for the AFS. Thus, the
train is available during the test.

3.4 Instrumentation and Control

Control rocm imstrumentation includes stcam generator level indications,
controls, hand switches, and positicn indicators for power operated valves.

The control start logic for the AFS, which is part of the Engineered
Safety Features Actuation System, is an automatic two-of-four input signal with
wanual override.

The following main control room monitors are provided fu ourposes of AFS
control:

« Input to ESD panel.

« AFS trip status light.

« Discharge presssure of each AFS pump.

« Auxiliary feedwater flow to each steam generator.

. Status lights for each regulator valve.

« Alarms for AFS diesel engine temperature, oil pressure, and speed.

« Status ligats for AFS power cperated valves.

The instrumentation and control system is designed such that undervoltage

on two of the four instrument channels results in automatic initiation of the
auxiliary feedwater Trains A and B.
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3.5 Supporting Systems and Sources

The active components of the AFS are dependent upon diverse sources ot
electrical power. Lube oil and cocling subsystems are supplied internally from
the diesel engine. All valves and controls in the same train are similarly
matched to the same power source as its pump, and key dev'ces can be manually
or locally actuated as well. Four independent transmission lines supply the
offsite power, and two dedicated diesel generators back up the onsite Class lE
power busses. In addition, the operator is able tc close two breakers from the
control room to feed each of these busses which etill has power from the other
Unit system aux transformer or from the other unit diesel generator. Up to
300,000 gallons of demineralized water can be made available to the AFS from
the Unit 2 condensate storage tank by a manual cross tie valve.

3.6 ZTachaical # £ tan Liat .

Technical Specifications require the availability of 200,000 gallons of
wvater in the condensate storage tank for AFS use. Taok levels are alarmed and
annunciated in the main control room.

A maximum of 72 bours out of service is allowed for maintenance or repair
of an ESF AFW pump/train while the reactor is critical. If that time is
exceeded, the reactor must be placed in bot shutdown within the next 12 bours.
The 2A(lA) diesel generator is sllowed to be inoperable for 7 days. If this
time is exceeded, Unit 1(2) must be placed in HSD (bot shutdown).

3.7 Surveillance Requirements
1) Each auxiliary feedwater pump shall be demonstrated operable:
A. At least once per 31 days by:

(1) Verifying that each pump develops discharge pressure of
at least 902 of the manufacturer pump verformance curves.

(2) Verifying that each valve (manual, power operated or asutomatic)
in the flow path that is not locked, sealed, or otherwise secured
in position, is in correct position.

B. At least once per 18 months during shutdown by:
(1) Verifying that AFS starts automatically upon receipt of an ESF

test signal.

2) The condensate storage tank sha.l be demonstrated cperable at least once
per 12 hours by verifying that the contained water volume is within its
limits when the tank is the supply source for the asuxiliary feedwater
pumps.

3) The essential service water system shall be demonstrated to be available
vhenever tbe ccadensate storage tank is inoperable.

3-7
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4.0 Reliability Aalvai

One of the most important parte of any reliability analysis is to define
very carefully the boundaries cf the analyzed system while retaining a
perspective on the entire plant operation. In this analysis two methods were
used. First, the components of the auxiliary feedwater system were definmed in
a reliability block diagram. This is a logic model which is based om the
components needed to make the system work. The second approach is that of the
event tree/fault tree analysis method. After studying the system to understand
fully its operaticon, event trees were constructed to show the potential for
varicus event sequences which involve the auxiliary feedwater system. The
results of the event tree construction help to define the top events of fault
trees, Thi. important definition beccmes the top block in a fault tree.
Hence, by this process the failure conditicns and component failures which lead
to the top event can be defined. 1ln the fault tree format the components can
be in any system. RBDs and feult trees can be logically equivalent, if the
boundary conditions are equivalent.

4.1 Event Tree Construction

Three initiating events are considered in the reliability evaluation as
suggested in NUREG-0611. Accident scenarios stemming from these events are
expected tc dominate the plant risk for events using the AFS as shown ‘n
WASH-1400. These events are loss of the main feedwater (LMFW), loss of offsite
power (LMFW/LOOP) and lcss of all AC power (LMFW/LOAC). The AFS reliability
bas an impact on which scenario can be followed after the initiating event, but
the purpose of this study is to assess only the AFS reliability under the major
events listed above.

4.1.1 LMFW

Loss of main feedwater events are ¢/ racterized by a reduction in steam
generator water levels which results in a reactor trip, a turbine trip, and
auxiliary feedwater actuation by the ESF protection system logic. Success of
these acticns are coneidered in events 1 and 2 in Figure 4.] on the upper
branches. Following reactor irip from a high initial power level, the power
quickly falls to decay beat levels on the order of 62X to 3% of full power.
Without auxiliary feedwater as shown in the lower branches of event 3, the
steam generator water levels continue to decrease, progressively uncovering the
steam generator tubes as decay beat is transferred and discharged in the form
of steam preferably through the steam dump valves to the condenser or through
the steam generator safety or power-operated reliei valves to the atmosphere.
As a reerult, the reactor coclant temperature increases as the residual beat in
excess of that dissipated through the steam generators is absorbed. If this
condition continues, the volume of reactor coolant expands and hegins filling
the pressurizer. Without the addition of sufficient auxiliary feedwater in
about 30 miputes, further expansicn will result in water being discharged
through the pressurizer safety and/or relief valves into the contaioment and
this is considered to be a failure of both the AFS and MFW. These sequences
are shown with solid lines in Event 6.



If the temperature rise and the resulting volumetric expansion of the
primary coolant are permitted to continue, and if the relief valves fail to
reclcose as shown in the lower branches of Event 7, the continuing loss of fluid
from the primary coolant system may result in bulk boiling in the Reactor
Coolant System and eventually in core uncovering, lcss of natural circulaticn,
and core damage. This condition can be avoided by recovery of the main
feedwater or auxiliary feedwater withip approximately one hour or successful
closure of the relief valves. If such a situation were not recovered, the
Emergency Core Cooling System could be used to supply primary ccolant makeup
vater., After a longer time period, bowever, the primary ccolant system
pressure may exceed the shutoff head of the safety injection pumps, causing an
insufficient supply of water. Hence, both 2uccess and failure of the ECCS is
considered in Event 8. The timely introducticn of the sufficient auxiliary
feedwater is necessary to counteract the decrecase in the steam generator water
levels, which will reverse the rise in reactor coolant temperature, and prevent
the pressurizer from filling to a solid water condition. AFS success is to
establish stable hot standby conditions or prepare for restart. Subsequently,
@ decision may be made to proceed with plant cooldown if the probiem cannot be
satisfactorily corrected. The event tree of Figure 4.1 then provides the
details of the potenmtial accident sequences for later quantification. This
evaluation is limited to reliability of the AFS in Event 3 and not the entire
accident sequence.

4.1.2 Loss of the Offsite Power (LMFW/LOOP)

Loss cof cffsite power is an ESF actuation signal for the AFS. The
reliability of the AFS ie affected under this initiating event due to the
unavailability of Traion C (the non-ESF AFS train). The event tree of Figure
4.2 is a wcdification of Figure 4.1 which includes detailed conmsideration of
the loss of cffsite power, The difference bere is in the recovery of the power
supplies (not included in this analysis). The physical behavior of the plant
is as described in Section 4.1l.

As can be seen from Figures 4.3 and 4.4 there is a difference between the
cffsite power sources at the twe stations. At Byron the offsite power system
consists of a switchyard that is supplied from the Commonwealth Edison grid by
four separate 545 kV lines. At Braidwood the system is supplied by six
separate 345 kV lines. ESF Bus 141 supplies the lA motor drivem auxiliary
feedwater pump. ESF Bus 141 ie capable of being supplied from any ome of three
sources:

1. System Aux Transformer (SAT 142-1)
2. Diesel! Generator lA
3. Unit 2 ESF Bus 24l.

During a LOOP event, ESF Bus l4i tranefers automatically to 1A D/G. If 1A D/G
fails to start, the operator is able to close two breakers from the control
room to feed Bus 141 from Bus 241. Bus 241 receives ics power from its
associated SAT or from 2A D/G. Consideration for failure of 2A D/G has been
included in the calculaticns. The operator is capable of closing the breaker
from Bus 241 to Bue 141 within the 20 minute steam gemerator boil dry time

assumed in this analysis.
4-2
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4.1.3 'hmmumm (LMFW/LOAC)

This event is a subset of the event tree in Figure 4.2. The main affect of
this event is that the two diesel generator power supplies fail to supply the
moter driven feedwater train. If the Jiesel generators supplying bus 141
cannot be recovered quickly, then the AFS depends on the diesel drivenm pump in
Train B as the only operable source of auxiliary feedwater. Hence, for this
initiating event diesel-driven pump reliability is the key factor. AFS
response in this case, requires that the entire Train B coo.ing system be
independent of AC power sources. The event tree of Figure 4.2 is still
applicable except that loes of all AC power sources is considered in the fault
trees.

“.2 n ]. ’ i].l.]. l ] .

A qualitative reliability comparison of the Bryon/Braidwocod AFS with the
results of those analyzed in NUREG 0611 indicates that the B/B system is among
the higher reliability piants for all initiating events (IEs). Although the
B/B AFS for the LMFW/LOOP is & two pump redundant system, the power sources to
these pumps consists of three ~power source redundant systems. Since the
power sources fail to start” are the dominate failures, the B/B AFS for the
LMFW/LOOP was qualitatively assessed intc the lowest of the high reliability
category range.

4.2.1 NUREG 0611 ¢ ins Ralishil Saatesi

The NUREG 0611 (Ref. 1) provides a qualitative reliability assessment of
the various operating PWR AFSs. Qualitative criteria were used to classify the
system reliability io classes of relative low, medium and high reliabilities
for the tbree initiating events (IE). The criteria were presented .u a
narrative form on pages III-21 through III-23, These criteria are summarized
bere in Table 4.l. Table 4.2 shows the NUREG 0611 criteria and the
Byron/Braidwood classifications and assessments. Figure 4.5 presents the
comparison of the Byrcn/Braidwcod AFS reliability characterization with other
operating plants using a Westinghouse NSSS,

4.2.1.1 Jlaterdependencies

The potential for dependencies between trains was reviewed during the
reliability analysis from the qualitative viewpoint. Separation was adequate,
No single point failures were found. Even in the test procedures an sutcomatic
start signal overrides the testing thus eliminating a potential buman
dependency. Inadvertent closure cf the pump suction valve will not
incapacitate the train.

The cperating experience in Appendix A indicated that the greatest
potential for dependencies between the Trains was the automatic start signal.
However, in every case, the manual override start was successful. The B/B
automatic AFS start signals are backed with manual overrides and thus this
dependency is greatly minimized.

4-3
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Tbe purpose of this analysis is to meet the quantitative reliability
criteria of NUREG-0800 which states: An acceptable AFWS should have an
unreliability in the range of 10°% to 10~5 per demand based on an analysis
using metbods and data presented in NUREG-0611 and NUREG-0635. Data not given
in NUREG-0611 and NUREG-0635 was supplemented with WASH 1400 data except for
diesel gemerator "fail to start”. This was assumed to be 10°2/demand with an
error factor of 3. This seemed to have been the value used in NUREG-0611 and
NUREG-0635. NRC Safety and Licensing Branch agreed on the usage of this
number.

The significant place of the quantitative results is basically to one
place. If the numbers are rounded to cme place, many numbers will appear to be
the same. Thus, two place numbers are shown as a difference indicator. The 5%
to 951 error spread as determined by the fault tree analysis will indicate the
uncertainty of the results.

Two logic model types are utilized, each having strong points and
weaknesses. First, the reliability block diagrams (RBD) logic mcdel developed
from questions such as: What is needed to make the system cperate? What
backups exist? What redundancies exist? This modeling technique requires
knowledge of valve positicns, chan, s of state, signal operations, etc., to
properly model the system reliability characteristics., The weakness of the RBD
logic medeling is that outside system interdependencies could be uverlooked.
For example, valve positions in other systems which impact flow in the AFS
could be missed. Fault trees (FT) logic models are comstructed to calculate
the probability of the “top event™. The top event should be carefully defined
using event trees to define the boundaries of the fault tree apalysis. For
example, in the event tree of Figure 4.2 there ie no special provision for
onsite power (i.e. Diesels 1A,2A). Therefore, these items should be included
in the fault tree. A drawback to fault trees is that so many conditions can be
described that the reduction of the FT to its important comtributors can be
very difficult. To simplify this step, o minimal cut set computer code was
employed to identify each set of failure conditions within the FI. These
minimal cut sets helped in assessing the common cause failure potential between
required components. After the minimal cut sets were developed, FT equations
were written to describe the probabilities and associated uncertainties of the
AFS unavailability. A computer code called STADIC can accept this FT equation
along with data inputs for each compoment or supercomponent. Based upor this
input a probability distribution for the top event was formulated. The
component failure data determined the level of detail to which the analys‘s was
taken.

e
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4,3.1 Reliability Block Di s
4.3.1.1 Assumptions

The RBD (Appendix B) for the Bryon/Braidwood AFS was developed assuming the
need for the AFS from plant near full power. The RBD delineates the various
success paths for starting the system on demand. It also shows the various
components that were considered in the analysis and how they are inter-related
to each other. The varicus types of redundancies (active, autcmatic standby,
remote manual and local manual standbys) are symbolized.

The top train on RBD pages 1, 2, 3, and 4 shows the model for Train A with
the ESF electric motor drive pump and the bottom train shows the model for
Train B with the ESF diesel drive pump. These traine are identical except for
the pump drives. The inter-relations between these trains are the common
source of water supply, tbe condensate storage tank. However, each train has
an independent, automatic switching capability to the ESW (emergency service
water) system when low pressure occurs on the pump suction coincident with a
Safeguards Actuation Signal, a Lose of off-site power, or a low-low S5G level
trip. The ESW is operable from the ESF electrical bus.

For the initisting events considered in this analysis, an automatic ESF AFS
start signal was assumed. The ESF logic A signal actuates Irain A and ESF
logic B signal actuates Train B. Manual over-ride capabilities Trains A&B are
available in the control room and the remote shutdown rocm.

AFW pump recirculation is only required when the flow is throttled, or
stopped, to the 35Gs. During initial demand of the AFS when full flow is
required to the SGs, the recirculation is not required. Each train bas an
automatic recirculation switchover from the condensate storage tank to the ESW
system. The recirculation is used during pump testing for pump warmup before
recpening the pump discharge test valve to provide full flow test into the SGs.
By procedure, this same test will be used after each maintenance action on the
train to assure complete train functioning.

Train A and Train B can independently supply AFW to each SG through the
flow limiting orifice, flow control valve and a containment isolation valve.
Cross flow between these trains is preventec by check valves in the tempering
flow line at the SG and on :he SG blowdown line and valves.

Train A is available for two of the three postulated initiating events
(IE); loss of main feedwater (LMFW) with offsite power, and loss of main
feedwater with loss of off-site power (LMFW/LOOP) (onsite power from Unit 1 and
Unit 2).

4-5



Traiu B is available for all I1Es, namely: LMFW, LMFW/LOOP and LMFW/LOAC
(CC battery power, only).

Train C (102 full plant capacity) utilizes the normal zondensate system and
provides AFW through tbe main FW piping to the SGs. Therefore, Train C is
available only for LMFW and requires remote manual startup from the control
room. Traino C utilizes the condensate hot well as the water source.

Assuming the plant is at power, three of the four (1/3 capacity)
condensate/condensare booster pumps (onme motor drives both pumps) will normally
be operating. The fourth pump is on automatic standby. Two of the
condensate/condensate booster pumps motors will be on SAT and two will be on
UAT. With reactor/turbine trip, the UAT bus breakers will rapidly transfer
(vithin 3 cycles) to the SAT. This will not affect the moter operation on
these buses unless breaker t-ansfer is not successful. The operating
condensate/condensate booster pumps were assumed to continue to operate after a
reactor/turbine trip. This requires that the condcnsate booster recirculation
functions successfully. Otherwise, these pumps will be pumping against a
shutoff bhead. 1In additicn to the condensate booster pump recirculation, the
two normzlly operating 502 capacity main FW pump recirculation valves are
operable for added condensate recirculation. The standby 502 capacity main FW
recirculation requires remote manual action before it can be placed into
recirculation operaticn,

e
The npormal condensate to the FW pump suction piping requires passing
through several low pressure feedwater heaters. At least two flow paths are
available, with a remote manual bypass line available around all LP FW heaters.

The startup FW pump is started from the control room. This pump motor 1is

fed from the 6.9 kV Bus 159 and will be available after a reactor/turbine trip
and the LMFW initiating event.

Startup FW pump recirculation was assumed to normally operate., With no
flow on its di~charge line, the recirculation valve will be fully open and
allow recirculation flow. Thus, with condensate/condensate booster pump
operating and recirculating, this pump will also be recirculating.

The startup FW pump is discharged directly into the main FW discharge
piping. The main FW pump discharge check valve or stop-check valve must close
in order to prevent beckflow through the main FW pumps.

The feedwater from the FW pump discharge piping to the SG inlet must pass
through the high pressure beaters. Two flow paths are available with a remote
manual bypase line available around these heaters.

When the automatic AFS start signals, ESF logic A and logic B, are
initiated, the FW control valves in the main FW lines and in the tempering flow
lines to eachb SG will automatically close. In additiom, a check valve in each
of the above lines will also close. In order to return these lines to
operation for Train C use, the operator must reset Logic trains A and B.
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The preferred path is to use the main FW lines to ths SG. A redundant path
using the tempering flow lines is also available to each 5G. The Train C main
FW line discharge tc each SG is independent of Trains A and B. The Train C
tempering flow line paths are tbe same as Trains A and B.

b s ‘ansiadsan o . S -

The RBD model shown in Appendix B for the Byron/Braidwood AFS wae manually
quantified using the data from Appendix A. The failure probability calculated
is for the AFS fail to start and to provide AFW tc 2 steam generators (S5Gs).
Failure probabilities were estimated for three initiating events (IE). Two
quantitative estimates were performed assuving statistical independence of the
various trains and common cause on similar or identical redundant paths. Each
block in the RBD was assigned a failure rate. These failure rates were used to
calculate the overall failure probability, or unavailability of the AFS.

Each initiating event (IE) was divided intc the following:

. Hardwvare/Operator Error =- this assumed that the total AFS is
available and is the failure probability that the AFS fail to start
and provide FW to 2 SGs.

. Test - Thie assumes that onme ESF train is being tested when the IE
occurs. During the first 15 to 20 minutes of testing when the
discharge test valve is closed to warm up the pump in the
recirculation mode, a demand for the AFS would autcmatically open
this valve. After warm up, the discharge test valve is opened as
part of the test. The pump then provides full auxiliary feedwater
flow to the SGs. For this analysis, the “warm up” test mode was
considered. The pump discharge valve is designed to cpen on ESF
logic signal to start the AFS flow to the SG's and thus the
unreliability of these components were used. Since the pump would be
running and continue to run, the failure rate of the pump to start
was assumed to be zero.

. Maintenance - This assumed the IE occurred during the time a train
wvas out for maintenance. The train would not be available for AFS
operation and thus, the failure probability of this train is 1.

. Human Errer - Thie aesumed plant personnel failed to recpen valves
after pump testing or maintenance operatiom or inadvertently a
closure of these valves. In the Byron/Braidwood design and
procedure, this type of error appears to be greatly minimized because
of automatic opening to the discharge test valve and automatic
switching to the ESW. In addition, after each maintenance action on
the AFS traip, it will use the same test procedure as the monthly
pericdical test which includes a full flow test into the 5Gs.

The test, maintenance and buman error outage contribution utilized the
data in Ref. 1. Fault trees for test, maintenance and buman error were
developed and shown in Appendix D. Portions of the RBD model were used as
inputs to estimate AFS failure probability as applicable to these
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trees. The sum of the failure prcbabilities for bardware, test, maintenance,
and buman error became the estimate for the AFS fail to start and provide AFW
te 22 SGs on demand.

4.3.1.2.1 Stagistical Independent Estimate

The statistical independent estimate assumes that all redundant
components are truly independent. The results are shown on Table 4.3. The
NUREG-0800 acceptable unreliability range of 104 to 10-3 per demand was met
for the LMFW and the LOOP initiating events (IEs), 3.4E-6 and 9.2E-5,
respectively. The results show that the greatest contributor to AFS
unreliability is in the maintenance outage portion with the bardware/operator
error portion a relatively close second. The test and human error portions are
shown to be at least 2 orders of magnitude (10°2) less than the others, thus,
are insignificant contributors. This is due to the automatic valve action
which keeps these trains available during test and many human error problems.
The LOAC IE was estimated to be 1.l1E-2 per demand.

Due tc & concern of an inadvertent automatic initiation of the ESW, a
separate analysis assuming a remote manual backup using twe valves in-line was
calculated. These results are also shown on Table 4.4 for comparison with the
previous results. A slight increase in the failure probabilities was noted.
However, the summation, or the unavailability per demand, was essentially
unchanged. Thus, use of manual actuation for ESW will not impact the overall
AFS quantitative reliability for the three initiating events.

4.3.1.2.2 Coumopn Cause Estimate

The commen cause estimate assumes that redundant components are not
truly independent. This estimate assumes that some commonality exists between
redundant components, or trains, i.e., same maintenance personnel, same
procedure, same manufacturer, same enviromment (bumidity, temperature,
earthquake, etc.), same design, etc.

In order to quickly estimate the common cause effect, a generic Beta
Factor cf 0.03 for inter-train redundancy and 0.l for intra-train redundancy
vas used. The electric moter driven pump and diesel driven pump were assumed
to be diverse. Using these assumptione, the results are shown on Table 4.3,
The NUREG-0800 zcceptable unreliability range of 10~% to 107 was met for the
LMFW and LOOP IEs, 8.2E-6 and 1.0E-4, respectively. In most cases the table
shows that the hardware/operator error contribute to the greatest unreliability
with thi: maintenance outage a relatively close second. Again, the test and
buman error portions were found to be insignificant contributors to AFS
unreliability. Hence, this AFS design and procedure has done an outstanding
job of reducing the test and buman error contributions which have impacted

many other AFSs in the past. The LOAC IE was estimated to be 1.2E-2 per
demand. -

4.3.1.2.3 5 mmary of Dominant Failure Modes

The dominant failure modes for each initiating event have been assessed

by review of the domimant contribitors to unreliability from the RBD in
Appendix B.

4-8

|
1
d
g
g
B
i
d
)
J
]
t
0
g
i
1
|
|




—

S MM EE R

: t5mgi :
4 : o

For both independent and common cause estimates, the dominant component
failures are the failure of the pumps to start and its local comtrol circuit
failure in Trains A and B and the operator error in manually starting Train C.
For maintenance outage portion cof the A, the dominant failure modes are the
failure to start and its local comtrol circuit failure the 2 pumps when both
auto-start trains (Trains A and B) are available, or either Train A or B pump
fail to start and its local control circuit failure and the cperator errors in
manually startiog Train C. The results are shown on Table 4.3

The test and human error portions of the 4 were insignificant and thus
did not contribute to the overall AFS failure.

LMEW with LOOP
: . ]

For the independent estimate, the dominant compoment failures are the
failure of the pumps to start and its local control circuit failure in Traios A
and B. For maintenance outage portion of the A, the dominant failures are the
failure tc start and its local control circuit failure of the pumps. Two
auxiliary power supplies (Unit 1 and Unit 2 diesel generators) are available to
Train A motor drive auxiliary feedwater pump via Bus 14l. The redundant power

supplies to this pump contributed a mimor portion of the fail to start
unreliability.

The test and buman error porticns of the A were insignificant and thus
did not contribute to the overall AFS failure.

LMFW with LOAC

For the independent and common cause estimates, the dominant component
failures for the bardware/operator error A the diesel pump fail to start and
its local control circuit failure in Train B, the only train available for this
initiating event (IE). For the maintenance outage portion of the &, the
dominant failure is when Train B is out and no train is available for this IE.

This does not comsidar recovery of the cffsite power and main feedwater within
20 minutes.

The test and human error portione of the X were insignificant and thus
did not contribute to the coverall AFS failure.




4.3.2 Faul:t Tree Quantification

In addition to the RBD analysis a fault tree analysis was undertaken to
quantify the uncertainty range and provide independent check on the impact of
the wodeling assumptions. Three initiating events were considered:

~ Loss of main feedwater (LMFW)
- Loss of offsite power (LMFW/LOOP)
- Loss of AC power (LMFW/LOAC)

6.3-2.1 mm

The fault trees were developed to consider faults within each train
which could cause failure to supply auxiliary feedwater to the steam generators
within 20 minutes after an initiating event. The analysis considered
bardware/operator error and maintenance failures only, since the RBD analysis
showed testing and buman error failures to have insignificant contributions.
In most cases data were taken from Ref. 1 and 2. Probability distributions and
uncertainty ranges were taken from Ref. 2. A more detailed discussion of the
method of determining minimal cut sets and quantifying the failure probability
of the system including uncertainty considerations is given in Appendix G.

Commen cause failures were considered on a case-by-case basis. Two
types of commen cause failures were included; first, those within a train
wvhere redundant ccmponents are found, and second, those between trains where
redundant components are found. A third type of common cause failure, that of
external faults which impact the AFS, was not considered as its effect on the
overall system reliability is minimal and wae not included in the NUREG-0611
and NUREG-0635 study. Examples of the third type are common faults which block
the steam generator output steam flow and Piping faults which cause the flow to
bypass the steam generators. The common cause failures were considered as
explained in Appendix F with Beta factors which represent the ratio of the

common cause failures to independent and common cause failures as measured by
data from redundant systems,

Each train could be out for maintenance during a 72 hour period while
the plant cperation continues. During this period, the AFS consists of two
traine. After 72 hours, the plant must be shutdown according to the techmical
specifications. NUREG-0611 (Appendix A, Table A.I.1) suggest that the
maintenance outage contribution calculation be performed as follows:

QMAINT. = LZL.N.Q.,%.A.Zmn.mi

The pump range on duration time is given as one-half bour to 72 hours,
with a mean act time of 19 bour, thus,

QuaINT = 0.22(19) = 0.0058
720
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4.3.2.2 Fault Iree Estimates

The fault tree (FI) results are shown on Table 4.3 and the uncertainty
curves (error spread) are shown on Figure 4.6 for the statistical iandependent
estimates and on Figure 4.7 for the independent plus common cause estimates.
In most cases, the FT results were slightly bhigher than those estimated by the
RBD, bhowever, all RBD estimates were well within the error spread as determined
by the FT analysis. Data input to the FT are shown con Table A.III.I1.

For the LMFW initiating event, the FT median values are well within the
NUREG-0800 acceptable range of 104 to 1077, 2E-6(6)* or 9.8E-5(4)* for
independent and common cause.

For the LOOP ipnitiating event, the FT median value for the independent
estimate of or 9.8E-5(4)* is in the NUREG-0800 acceptable ramge, but the
independent plus common cause estimate of 1.5E-4(3)* is on the border linme or
the NUREG-0800 acceptable range for a one significant oumber.

Maintenance outage contributed about 602 of the AFS unreliability when
only independent failures are comsidered and 302 to 451 when commeon cause
failures are included.

4.3.2.3 Simplified Faul: Tree (FT)

A simplified waster FT was developed incorporating only the components
which dominated the overall unreliability. For the B/B AFS, the
hardware/operator error porticn and the maintenance outage portion were the
dominant contributors. With the master FT (Figure 4.8) and Maintenance FT
(Figure 4.9). a relative easy point estimate of the B/B AFS unreliability may
be calculated.

The master FT represents the LMFW IE hardware unreliability per demand.
For the other IE bardware unreliabilities, portions of this FT are used as
applicable.

Portions of the master FT are also used for the maintenance
unreliability per demand. Assuming one train is out for maintenance, the
unreliability is calculated for the balance of the system using the master FT
and the result inserted intoc the appropriate portion of the maintenmance FT.
The completed maintenance FT is the estimate of the AFS unreliability due to
maintenance outage.

The sum of the bardware/operater error and maintenmance outage

unreliasbilities i’ the point estimate of the B/B AFS unreliability.

*Error Spread
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LMEW and LOQP
Low Reliability

Manual actuetion*

Minimum redundancy - 2 pump
Single point failure

No time limit on train ocutage

Reliability
Auto start with manual backup

Single point failurex
No time limit on train outage
Water-hammer concerns

System interactions (safety and
non-safecy)

Human interactions
. tests not staggered

. test by same personnel and
same shift

Testing incapacities more than
one train

High Reliability

High redundancy

Auto start with manual backup

No observed single point failure
Buman interactions

« Tests staggered and
different shifts

Testing incapacitates cnly one
train

Time limit on train outage

*Dominant contributor.
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AC Blackout

Low Reliability

+ AC dependencies-turbine lube
pumps*

Low to Medium Reliability
« &C dependencies - valves with
local manual contrcl®

. No time limit on traio outage

High Reliability
« No identifiable AC power
dependencies

« Auto start with manual backup
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Table 4.2 NUREG 0611 Oualitative Reliabili 10

1E NUREG NUREC CRITERIA BYRON/BRAIDWOOD REMARK
ASSESS. ABD ASSESSMENT
CRITERIA
LMFW High . High redundancy « Three trains
« Auto start with manual backup. . Two trains-auto start
with manual backup;
third train - manual
start.
« No observed single point « Comply
failure.
. Buman interactions « Exceeds criteria.
. Test staggered and Testing does not
different shifts. incapacitate ESF trainm.
Maintenance suction
« Maintenance valve valve inadvertently left
inadvertently left closed does not
closed. incapacitate ESF train.
« Testing incapacitates only « Exceed criteria.
one traim. Testing does not
incapacitate ESF train.
« Time limit on train outage. « Tech Spec requirement on
train outage.
Qualitative
Aseessment: Med/High range
LOOP Low « Minioum redundancy (2 pump) + 2 Pump system, but motor
pump bas backup DG from
other Unit, thus assess
into Med range.
High « Same as LMFW except minimum « Same as LMFW except one
redundancy. criteria assess in
Med range.
Qualitative
Assessment: Lo/High range.
LOAC High « No identifiable AC +« Complies

power dependencies.

Auto start with manual
backup.

4-13

« Complies

Qualitative
Assessment: Med/High range.



Table 4.3

BYRON/BRAIDWOOD AFS UNRELIABILITY ESTIMATES

Unavailability Per Demand

Method Initiating -
Event Hardware & Human
0 Test Maint, TOTAL
per Error Error
LMFW 1.0E-6 1.8E-9 2,4E~6 2.9E-10 3.4E-6
ol =
c a
<l B LOOP 2.9E-5 1.0E-7 6.3E-5 2.6E-9 9,2E-5
€ 3
e
E LOAC 5.5E~3 1.5E-5 5.8E-3 2,9E-7 1,1E=2
2 ~
L1 L LMFW 5.6E=7(10)* - 1.2E-6(6)* - 1.8E-6(7)*
2| 9
- =
-~ [
5;. u LOOP 3.2E-5(6)* - 6.2E=5(4)* - 9,8E=-5(4)*
E;
LOAC 5.2E=3(2)* - S5.4E=-3(3)* - 1.2E=2(3)*
LMFW 4,9E-6 1.4E-8 3.3E-6 2.1E-8 8.2E-6
4 -~
21 &
f g LOOP 30 SE-S loag°7 6. JE-S lo 7E-8 1.05-4
K| LOAC 5.6E=3 2.1E-5 5.9E-3 6.6E=7 1.2E-2
a .
| 2| vmw 7.5E-6(6)* - 3.5E-6(5)* - 1,2E-5(4)*
LR -
- @
-
v | o | LoorP 6.8E-5(4)* - 6.6E=5(4)* - 1.5E-4(3)*
| 3 .
P
LOAC L2E=3(3)* - S.4E=3(3)* - 1.2E=2(3)*

(a) Point Estimate

(b) Median Estimate

- Not Estimated
* Error Spread = Q_._./0Q
Significant Number to
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Table 4.4
BYRON/BRAIDUOOD AFS UNRELIABILITY ESTIMATES

gy Ty T

r—

Unavailability Per Demand
Initiating
Event |

Hardware & . Human
Oper Error ‘ Error

2.9E-10

2.6E-9

2.9E-7

LMFW 1.8E-9 3.4E-10 3.4E-6

1.0E-7 6.3E~5 4,2E=9 9.2E-5

Statisctical Independent

LOAC 5.5E=3 1.5E-5 5.9E-3 2,9E-7 1.1E-2

'
.- s

Assumed as designed case: Automatic switchin of ESW to Trains A & B
water supply system,

Assumed: Only remote manual switchin of ESW to Trains A & B water
supply system,

Significant Number to One Place
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Figure 4.1 Event Tree for LMFW Events with Electric Power
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APPENDIX A

DATA BASE

A 1. Basic Reliabili _ : Mnaka s s

The basic reliability data (failure rates) utilized for the
quantitative analysis were taken from Ref. 1 (NUREG 0611) and are repeated
bere in Table A.I.l. When the required data were not given in Ref. 1,
then Ref. 2 (WASH-1400) was utilized and these data are repeated here in
Table A.I.2. The diesel genmerator fail to start used in this analysis
vas 102 /demand with an error factor of 3. This was the value indicated
to bave been used in the NUREG-0611 and NUREG-0635 studies. NRC Safety
and Licensing Branch agreed on the usage of this number. Ref. 1 was also
utilized for the test and maintenance outage contributions, buman acts and
error failure data and the frequency of cccurrence for the various
initiatinog events.

A special investigation was undertaken to search for data on the
diesel driven auxiliary feedwater pump. A first culL sample was reviewed
from Ref. 3 and this was updated from Trojan AFS experience. 1he results
are that (1) the diesel driven pump, after correction of early problems
bas achieved a reliability equivalent to turbine driven pumps, and (2) the
diesel pump is more reliable than diesel-generator start data by about a
factor of three, as compared to WASE-1400.

A II. AFW Pump Data:
A II.1 AFWS Data From Ref. 3
A review of data sources showed that the generic base presented in
Ref. 1 for pumpe does not differentiate between the type of drives. Most
AFW pumps are either electric-motor- or steam-turbine-driven. Ref. 3,
vhich is a study of LER (Licensee Event Report) pump failures, listed a
table of PWR plant data with the number of the various AFW pump type,
critical bours, calendar months, etc.. Ref. 3 also had a listing of the
PWR AFW pump problems from LERs. The AFW pump problems were divided into
the following categories as required by the model, or various componments
and classifications:
« Fail to start or Fail to run after start.
« Motor diive
+ Turbipe drive
« Diesel drive

« Auto/Manual start circuit

« Human/Operator error
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To estimate a failure rate from that data the system demand cycles
were first determined by assuming one test per pump per month plus three
AFS start requirements per reactor year. This first-cut comparison is
summarized in Table A II.l.l.

In this first cut analysis the diesel drive AFW pump appears to have
a very high failure rate, both demand and run. Therefore, additicnal
investigation was undertaken to more accurately understand the nature of
the failures and the cemand and run frequency estimates. This indepth
investigation is discussed in Sectiom A II.2.

A 1I.2 Ircian Nuclear Power AFS Experience

The Reference 3 listing of AFS drives showed that the only diesel
driven auxiliary feedwater pump with any experience was at the Trojan
Nuclear Power Plant. Trojan utilizes their AFS for normal startup and
shutdown operations.?

Thus, the numbers of AFS starts were underestimated in Section A II.,
causing the failure rate of the AFS diesel pump to be high. The Graybooks
(through March 1981) and the annusl operatiom reports for the years 1975,
1976, and 1977 were used tc e:stimate the numbers of starts and runs that
the Trojan AFS had experienced.

From initial criticality (12/15/75) through 2/29/76, Trojan was
experiencing many problems with both the turbine a.d diesel drive pumps.
Docket 50344-250 summarizes the major equipment changes and modifications
to improve the reliability of the AFS. These changes and modifications
occur between 2/29/76 through 3/21/76. The data were analyzed in two
parts, before corrective acticns (CA) and after CA. The AFS components
and its failure modes, estimated numbers of starts and rune, and estimated
time to restore the system are presented in Tables A 1I1.2.2.

Tables A II.2.] summarizes the data and provides estimates of the
failure rates for different modes of failure, including both before
corrective action and after corrective acticn. After CA, the diesel pump
and its controls was estimated to be 5.2x10"3/demand. Including & human
factor “fail to start™, the diesel pump would be estimated to be
~1.0x10"2/demand. Reference 2 (WASH-1400) diesel/generator fail to start
is assessed at 3x10°2 with an error factor of 3. Thus, the Trojan diesel
AFW pump failure rate per demand appears to be less than that of Ref. 2
diesel/generator. Including the before and after data for the pump and
its controls without operator error, the failure rate per demand would be

2Conversations with the plant cperating personnel.
A-3



assessed at 7/254 = 0,029 or with operctor error at 8/254 = 0.031. In
both cases, these assessments are practically the same as that for
diesel/generators in Ref. 2.

The Trojen experience on both the diesel pump and its conmtrols
(without human factor) fail to start on demand of 0.0052 and the turbine
drive and its controls of 0.0063 are practically the same. The turbine
drive and ite contrcls from Section A II was assessed at 0.0068. Thus,
from tkis data, it can be concluded that diesel pump fail to start failure
rate is at least as good as for the turbine pumps, and about a factor of 3
beiter than the diesel generator start failure rate.
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Table A.I.1 Recommended Data from NUREG 0611

BASIC DATA USED FOR PURPOSES OF CONDUCTING
A COMPARATIVE ASSESSMENT OF EXISTING
AFWS DESIGNS & THEIR POTENTIAL RELIABILITIES

Component (Mardware) Faflure Data
a. vaives:
Manual valves (plugged)
Check Valves
Motor Operated Valves
Mechanical Components
Plugging Contribution

Control Circuit (local to Valve)

w/quarterly tests
w/monthly tests

Piston Actuated Valves

MOV-Mechanical Components
SOv-Mechanical Components

Controi Circuit (Note:

b. Pumps: (1 Pump)
3 Mechanical Components

Control Circuit (Local to Pump -
applies to Electrical Pumps)

w/Quarterly tests
w/Monthly tests

Use MOV
Failure Rate if Vaive is not Fail Safe)

c. Actuation logic (Assumes at least
1 of 2 logic)

Point Value Estimate
of Probability of*

Failure on Demand

~1 x 1004
~1 x 10
~1n10::
“1x10
4;m§
~2x10

7 x 10”3 /train

¥Error factors of 3-10 (up and down) about such valves are not unexpected for

basic data uncertainties.

®%¢ represents a number so small in magnitude that it may be neglected for basis of

this study.
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Table A.I.1 (cont.)

TEST & MAINTENANCE OUTAGE CONTRIBUTIONS:

proach

1.  Test Ovtage

~

TEST

(#hrs/test) (#tests/year)
hrs/year

2. Maintenance Qutage
Q v 0.22 (#nrs/maint. act
MAINT.
b. Data Tables for Test & Maint. Outages®
SUMMARY OF TEST ACT DURATION

Calculated
Range on Test Mean Test Act
Component Act Duration Time, hr Duration Time, ty, hr
Pumps 0.25- 4 1.4
Valves .25 - 2 0.86
Dizsels 0.25 - 4 1.4
Instrumentation 0.25 - 4 1.4
LOG-NORMAL MODELED MAINTENANCE ACT DURATICN
Range On Mean Act
Component Duration Time, hr Duration Time, hr
Pumps 172 - 28 ;
VE-N 19
Valves /2 - 24 7
Diesels 2N 21
Tistrumentation 4 - 24 6

. W Note: These data tables were taken from the Reactor Safety Study (HASN-I‘OO)Q)
for purposes of this AFW system assessment. Where the plant technical
specifications placed limits on the outage duration(s) allowed for
AFW system trains, this tech spec limit was used to estimate the mean
duration times for maintenance ACPS.
the outages allowed for maintenance dominated those contributions to
AFW system unavailabilily from outages due to testing.

A-6
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Table A.I.1 (cont.)

111. HWuman Acts & Errors - Failure Data:

Estimated Human Error/Failure Probabiiities
Modifying Factors & Situations
With Valve Fosition With Local Walk-Around & W/0 Efther
Indication in Control Room Double Check Procedures

Point Value Est Est. on Point Value Est fst. on Point Value Est On
Error Error Estimate Errov
Factor Factor Factor

Acts & Errors of A Pre-Accidenl Nature
1.  Valves Mispositioned During Test/Maint
(a) Specific Single Valve Wrongly
Selected cut of A Population
of Valves During Conduct of a
Test or Maintenance Act (X No.
of Valves in Population at Chofce)

(b) Inadvertently Leaves Correct
Valve in Wrong Position

More than one valve is affectead
(coupled errors)

Miscalibration of Sensors/Elecirical
Relays

(a) One Sensor/Relay Affected

(b) More than one Sensor/Relay
Affected
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b. Acts & Errors of a Post-Accident Nature

Table A.I.1

Time Actuation Needed

1. Manua) Actuation of AFW system from Control

(a) Considering “Dedicated” Operator
to Actuate AFW system and Possible
Backup Actuation of AFWS

(a) Considering “Non-Dedicated"
Operator to Actuate AFW system
and Possible Backup
Acutation of AFW system

wrem o amee e =2

NS min.
N15 min.
N30 min.

N5 min.
N15 min.
N30 min.

LY e O =m e

(cont.)

Estimated Failure
Prob. for Primary
Operator to
Actuate AFWS

Estimated Failure
Prob. of other
(Backup) Control
Rm. Operator to
Actuate AFWS

<)
)

~N
Vo
——
-
gd

. dep
dep.
. dep.)
dep.)

o
ik

Overall
Estimate

of Failure
Probability

5

-
O'O.

10

NS x 10_
NS 5310
N1O

2
3

= e

Estimatea
Error Factor
on Overall
Probability

10
10
10
10

10



o N T

=2

-

TR ™M MM O .m .

3 mr

—

Table A.I.2 - Data Table

.

From WASH 1400 (Ref. 2)

Components

Failure Mode

Assesscd PRange

Cemputational
Median

Error
Faczor

Pumps
tincludes
driver):

Valves
Motor
Operated:

Failure to start
on Demard ., Qd

Failure to run,

given start, )o

(normal environ~
ments) ¢

Failure to run,
given start, lo
(extreme. post
accident environ-
ments inside
containment) :

Failure to run,
given start, lo
(post accident,
after environ-
mental recovery):

(l’:

x10”¢ - 0734

m10”% - x10"Y/nr

1x10°¢ - 1x10"%/ne

10”2 - 3x10"¥/ne

Failure to coperate,

Oc (includes
drivcz)(b):

Failure to remain
open, Od (pluq)

l':

Rupture, x.:

-t r
x10° T - 3x10"3/4

S

€,  3x10"° - 3x10"%a

1x107° -« 1x10"°/nr

110" - 1x10"7/nr

A-9

1x10" /4

Jxlo's/ht

110”3 /ne

10”4 /ne

1x10”2/4

1x10” 4/
Jxlo-vfhr
1x10” % /hr

10

10

10



Table A.I.2 (€

Cocrmponents

Afr-Fluicd

Operated

ure to remain
» Q

(plug):

d




Table A,.I,2 (Continued)
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Comporents Failure YNode rssessed Parge CCFF::;::ZEJI ;::::;,
Test Valves,
Flov “eters,
Orifices: Failure to remain
open, Q4 (plug): 1x10°¢ - 1010734 1x10"/a 3
Rupture, ) _: 1x10"? - 1x10"7/ne 1x10"% /e 10
Piges
Pige < 3"
dia per
section: Rupture/Plug,
dgr Aot mic™M - ax10"%/me 1%10” % me 10
Pipe ? 3"
dia per
section: Rupture/Plug,
Agr Ayt 10702 3x107%/ne 1%107 1% /me 19
Clutch,
mechanical: Failure to cperate,
%", 07! - 107 1x10"4/a 3
Scram Rods
(Single) : Failure to insert:  3x16”° - 3x10"%/a 1210”474 3

{a) DCemand probabilities are tased on the presincc of proper input control signals.

For turbine driven pum

Ps the effect cof failures of valves,

se.sors and cther

auxiliary Rardware may result in significantly higher overali failure rates

for turbine driven pump systems.

(b) Demard probabilities are based on presence of proper input control signals.

(c) Pluo probabilities are given in demaréd probability, and per hour rates, since

phenonera are generally time degendent,
detected upon a demand of the system.

but plugged conditionr may only be

(d) Demand probabilities are tased on presence of proper input control sicnals.
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Table A.I.3 - Data Table From WASH 1400 (Ref. 2)

Components

Failure “ode

Assessed Range

Computational
Median

Error
Factor

Clutch,
Electrical:

Motors,
Electric:

Relays:

Failure to operate,
Q (a),

a P
Premature dis-
engagement, lo

Failure to start,
od(l)=

Fajilure to run,
given start, lo
(normal environ-
ment) :

Failure to run,
given start, )o
(extreme environ-
ment) :

Failure to
. (a)
energize, Qd H

Failure of NO
contacts to close,
given energized,
lox

Pailure cf NC
contacts by
Opening, given
not energized,

Aoz

Short across MO/NMC
contact, xoz

Coil open, 1°:
Coil Short to

power, lc:

1107 - 1x107%e

1x1077 - 1x10™3/nr

10”4 - 1x107%/4

x10°% - 3x10"%/nr

x107Y - 1x107%/nr

%107% - 3x10”Ye

1x1077 - 1x10"/nr

10" - 310" /nr

122077 - 1x10"7/nr

1x10°% . 141076

1210”7 - 1x10""/ne

A-12

x10™4 /e

lxlo-slhr

x10"%/4

1%10™ % /hr

1103 mr

-4
1x10 /4

310”7 /e

1x10” 7 /hr

1210 % /e
110" /he

1x16” % me

10

10

10
10

10
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Table A.I.3 (Continued)

Computational Frror
Components Failure Mcde Assessed Nange Median Factor

Circuit
BEreakers: Failure to transfer,

0, %« 10”4 m10™3/a 1x107%/4 3

Premature transfer, 3

g Ix10” 3%10” S /nr 1x10” 8 /ne 3
Switches
Limit: Failure to operate, p

0y 1x10” 1x1072/a x10"%/a 3
Torque: Failure to operate,

0yt 10”3 10”478 1x1074/a 3
Pressure: Failure to operate,

0y x10”> ax10"%/a 1x10”4/a 3
Manual: Failure to transfer,

L 3x10"¢ x10"3/4 1x10”%/a 3
Switch
Contacts: Failure of NO

contacts tc close

aiven switch

operation, ) : 1x107° 1x10" 8 /nr 1x10'7/Lx 10

Failure of NC by

opening, given

no switch

operation, At x10”? lxlO”/hr ax10"8 ~ 10

Short across NO/NC

contact, A : 1x10”° 1x10” 7 /hr 1%.0" 8 /nr 10
Battery
Power
Systers
(wet cell): Failure to provide

proper output, ) _: 1x10”% 1x10™ 2 /5x 10”8 /nr 3
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Table A.I,3 (Continued)

) Computational Error
Components Failure Mode Assessed Pange Median Fantas
Transfcrrers: Open Circuit
primary or P
secondary, ) : x10”7 - 3x107"/hr 1x10"¢/nr 3
Short primary to p "
secondary, ) : x10°7 - 3x10"°/nr 1x10™°/hr 3
Solid State
Devices, Hi
power Appli-
cations (diodes,
transistors,
etc.): Tails to function,
Aot 10”7 - 310" /he %106 /nr 10
Fails shorted,
Aot 11077 - 1x10"°/nr 1x10” 5 /ne 10
Solid State
Devices,
Low power
Applications: Fails to function,
Ayt 1x1077 - 110" /nr 116" 8 /ne 10
Fails shortnd: 1x10°% - 1x10”%/mr 1x10” 7 /e 10
Diesels
(Complete
plant): Failure to staret, .
0, 1072 - 1x10”l/a Ix10"278 3
Failure to
run, emergency
conditions,
given start,
Ao 10 - 3x10"%/me Ix10" 3 /nz 10
Diesels
(Engine
only): Failure to run,
emerge 7/ con-
ditions, gaiven
stare, ) mi0™% - 0" /ar 110”4 /nr 19
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Table A.I.3(Continued)

= Computational Error
Components Failure Mode Assessed PRange Hedian Pactor
Instrumenta~
tion - General
(Includes
transmitter,
amplifier and
output
device): Failure tc operate,
! 1x10” 1%10”°/hr 1%10™ 6 /hs 10
Shift in calibra- '
tion, A : 3x10”° 110”4 /nr 3x10” /e 10
Fuses: Failure to open,
0, 10”8 3x10"%/4 1x10”5 /4 3
Premature open,
Ay x10”7 310”6 /nr 110”6 /ne 3
Vires
(Typical
circuite,
several
joints): Open circuit, A : 1x10"¢ 1:10'5 )xlO"/hr 3
Short to ground,
At x10”% - 3x107/me 3x10” 7 /ns 10
Short to power,
Ao 1x10” 1x10™ 7 /he 1x20™% /nr 10
Terminal
Boards: Open connection,
Aot 1x10" 1x10"%/nr 1%20” 7 /hr 10
Short to adjacent
eircuit, A : 1x10" 1x10”7 1x10"% /ne 10

(a) Derand probabilities are based on presence of proper irput control sigrals.
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TABLE A II.l.l

EIRST CUT AXS Compopent Estimated Failure Rates from Ref. 3 Data

(1)
Est. No. Fail To Start Est, No. Fail Run Run
of Starts Start Failure of Runs to Failure Failure
(Cause) Rate (Cause) Run Frac- Rate
Per tion Per
Demand Hour

Pump and its Controls

Turbine 2803
Motor 3132

Diesel 35

Auto Start Circuit

Turbine gccx(3)
Motor 3(“)
Diesel 1

NOTES :

(1) Assumed one test per month per train plus 3 AFS requirements per
reactor year.

(2) 3 Pumps fail to start during test. 1 pump had comtrol problems and
2 pumps had excessive tight jacking.

(3) 3 pumpse fail to autostart. Manual started 3 pumps O.K. Fuses not
installed. 7 days after initial criticality and before on-line.

(4) 2 electric drive pump fail to autostart due to defective switches.

Turbine drive pump started O.K.

*cc - Common cause failure.
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TABLE A II.1.1 (cont'd)

EIRST CUT AFS Compopent Estimated Failure Rates from Ref. 3 Data

(1)
Est. No. Fail To Start Est. No. Fail Run Run
of Starts Start Failure of Runs to Failure Failure
(Cause) Rate (Cause) Run Frac- Rate

Per tion Per
Demand Hour

Miscellapeous
Turbine 2803 4
(b)(b)

{2)(b)
(b)(g)

.00096 7
(£)(b)
(2)(£)
(b)(2)
(£){h)
(3)(n)(3)

Diesel 35 0 >,04

Outage Causes

(a) Inadequate procedure, (b) No. 3 SG FW reg bypass valve recirculating
(Baddem Neck unique).,(c) pump motor breaker, (d) 480V bus breaker,
(e) unkoown, (f) air in suction header, (g) recir:ulator line and
orifice redesign, (b) plugged strainer during plant startup.

Notes

(1) Assumed 1 test per month per train plus 3 AFS requirements per
reactor year.
During startup, AFW pumpe flow reduced due to startup-strainers plugged.

(3) During test, 2 motor-drive pumpe lost suction due to air in the secticn
header.




TABLE A II.1.1 (cont'd)

EIRST CUT AFS Compcnent Estimated Failure Rates from Ref. J Data

(1)
Pump Est. No. Fail To Start Est. No. Fail Run Run
Ty pe of Starts Start Feilure of Runs to Failure Failure
(Cause) Rate (Cause ) Run Frac- Rate
Per ticvn Per
Demand Hour
OPERATOR ERROR
Turbiae
and its
control 2803 8 .0029 2745 0
Motor &
its
control 3132 & .0013 3067 0
(3)
Dieael &
its
control 35 2 057 25 0
Auto
start
turbine 560 1 .0018
cew(2)
Auto
start
motor 626 0 >,0016
Auto
start
diesel 7 1 Jdé
cew(2)
Notes

(1) Assumed 1 test per month per train plus 3 AFS requirements per
reactor year.

(2) All pumps fail to auto start, manual start cne pump O.K.. Mislogged leads
in auto-start circuitry.

(3) During monthly test, two electric drive pumpe failed to start until
third manual attempt. Auxiliary cil pump not emergized.

*Common cause failure.
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Table A I1I.2.1

IROQJAN NUCLEAR POWER PLANT AFS EXPERIENCE FROM OPERATIONAL REPORIS

Pump Est. No. Fail To Start Est. No. Fail Run

Ty pe Starts Start Failure of Rune to Failure
Rate/ Run Rate/
Demand Demand

Pump and Its Controls Before CA (Corrective Actions)

Diesel 51 6 .12 42 2 048

Turbine 25 2 .08 25 2 .08
After CA

Diesel 194 1 0052 190 5 .026

Turbine 159 1 0063 157 1 .0064

Auto Start Circuit Before CA

Logic B 9 0 <11
Logic A 9 0 <.11
After CA
Logic B 28 1 .036
Logic A 28 0 <,036

*CC = common cause

- rm

M M
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Table A 11.2.1 (Cont'd)

IRQJAN NUCLEAR POWER PLANT AFS EXPERIENCE FROM OPERATIONAL REPORIS

(1)
Pump Est. No. Fail To Start Est. No. Fail Run
Ty pe Starts Start Failure of Runs to Failure
Rate/ Run Rate/
Demand Demand
Qperator Errxor Before CA
Dies=1 9 1 o1l
Auto Start cex(l)
Turbine 9 i 41
Auto Start cex(l)
After CA
Diesel 28 1 .036
Auto Start cc(Z)
Turbine
Auto Start 28 1 036
ce(2)
After CA
Diesel & 194 1 .0052 190 0 0052
Ite Controls
Miscellapecus before CA
Diesel 51 1(3) .020
Turbine 51 0 .020
After CA
Diesel 194 0 .0052 190 0 .0052
Turbine 159 0 0063 157 0 0064

(1) Mislogged lifted leads (manual start 0.K.)
(2) Wiring error (Manual start 0.K.)
(3) Procedure inadequate.
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Table A II.2.2 EVEIT SUMMARY (Cont'd)
Component Type: Diesel Driven AFW Pump and its Controls
Date Tine Lo Restore Lause

Failure Mode: Fail Lo stari on demand.

12/19/75 >20m, <5h Special sequence required after each engine
sbutdown to reset fuel racks and control
circuitry.

12/24/75 <20m Fail to reset fuel rocks.

1/9/76 5h e Misaligned governor.

1/23/76 <20m Low lube oil prees., cold start,
2nd start O0.K.

1/24/76 <20m Same

1/24/76 <20m Same

2/29/76 2m Cold start, overspeed trip, local manual

start. (Turbine drive pump declared
inoperable 2 days before.)

12/25 = 2/16 Qperational starts: 48 plant startup and shutdowns.
ROI-5-1: 3 at 1 per month

2/29/76 - 3/21/76 Corrective Actions and Verification Tests (Docket 50344-250)

12/17/717  >20m, <5h Speed microswitch, out of adjustment.
9/3/80 >20m, <5h No details-fail to start during test.

3/26 - 2/81 Qperational starts: 86 plant startups and shutdowns.
Yerification Jests: 48 PROT-5-1: 60 at 1 per month
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Table A II.2.2 EVENT SUMMARY
Component Type: Diesel Driven AFW Fump and its Controls

Date Lime to Restore Lause

Failure Mode: Fail fo run after starting.

12/24/75 >20m, <5h Fail to set current limiter on speed
controller.

1/4/76 l.1b Speed signal lead vibrated loose.

2/14/76 >20m, <5b Jacket cooling water setpoint changed.

12/75-2/76 Qperational xuns: 39 plant startups and shutdowns.
20T-5-1: 3 at 1 per month

2/29/76 - 3/21/76 Corrective Actions and Verification Tests (Docket 50344-250)

3/28/76 <20m Insufficient margin on overspeed setpoint.

9/2/76 >5h, ~7daye Loose adjustment spring in jacket temp.
sensing device.

9/9/76 Same Same

3/24/77 145h Broken crank shafi.

2/7/80 >20m,<5h Broken cooling water hose.

3/26-2/81 Qperaticpal runs: 83 plant startups and shutdowns.
Yerification JTests: 48 RPOTI-5-1: 39 at 1 per month
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Table A 1I1.2-2 EVENT SUMMARY (Comt'd)

Component Type:

Date Lize to Restore

Diesel Driven AFW Pump and its Controls

Lause
Conpopent Iype: AFS auto start system.
Atart signal.

Failurxe Mode: Fail fto initiate auto

1/16/176 <20m (>5h repair)

Mislogged lifted leads in auto start
circuitry. Both diesel and turbine pumps
fail to start. Manually started one of
the pumpe (cc)w.

12/27 = 2/76 Auto starta: 9

2/29/76 - 3/25/76

9/3/76 <20m (<5b repair)

10/3/80 <20m (>5b repair)

10/11/80 <20m (5b repair)
circuitry

No change indicated in auto start system
(Docket 50344-250)

Blown fuse in diesel pump aute start
circuitry. Maoual start O.K.

Wiring error, both diesel and turbine pumps
fail to auto start. Assumed manual start
o.‘. (CC).O

Blown fuse in diesel pump autc start

Assumed manual start 0.K.

3/26 - 2/81 Auto starta: 28

*Common cause.
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Table A 1I1,2-2 EVENT SUMMARY (Cont'd)
Component Type: Diesel Driven AFW Pump and its Controls

Date Time to Restore Lause

1/13/76 24.4 (16.0 repair) Turbine-steam leak
2/27/76 ~25 days* Turbine-governor oil preblem.

3/29/76 - 3/2/76 Corrective Actions and Verification Tests (Docket 50344-250)

12/17/77 >20m, <5h Turbine - could not be reset for auto
start, limit switch failure.

12/28/78 >20m, <5h Diesel - fuel o0i: leak

4/15/79 >20m, <5h Diesel - fuel line crack

Compopent Iype: AFW lsclation Yalve
Failure Mode 2 Stuck partially open.

11/17/77

v

5 b AFWIV between diesel pump and "B™ S5G stuck
partially open (902). Damaged sealing gasket
allowved vater to leak into main operator.

*2 days later on 2/29/76, diesel pump pump fail to auto start. Remote manual
start failed. Local manual start OK after resetting overspeed trip. Started
in about 2 minutes after ipnitial failure.
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Table A.IIL.1

Fault Tree Dat Input
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Failure
Probability
Event Per Demand Error
No. Description (Per Hour) Factor* Ref. Comments

El ESF Logic A fail'- _s 7.0E-3 3

s Me-  _ override failure for 1.0E-2 10
control logic A

E3 ESF Logic B failure 7.0E-3 3

E4 Manual override failure for 1.0E-2 10
control logic B

E5A, 2 inch blowdown valves to 1.0E-4 3

E6A SG~A fail to close

E5B, 2 inch blowdown valves to 1.0E-4 3

E6B SG-B fail to close

E5C, 2 inch biowdown valves to 1.0E-4 3

E6C SG-C fail to close

E5D, 2 inch blowndown valves to 1.0E-4 3

E6D 8G-D fail to close

E7 6 inch blowdown valve to 4 SG's 1.0E-4 3

EBA Check valve (FW037A) fails 1.0E-4 3
to close

E8B Check valve (FWO37B) fails 1.0E-4 3
to close

E8C Check valve (FW037C) fails 1.0E~4 3
to close

E8D Check valve (FW037D) fails 1.0E-4 3
to close

E9A Check valve (FWO09A) plugged 1.0E~4 3

E9B  Check valve (FWO09B) plugged 1.0E~4 3

*Error Factor = Ratio of 95th to 50th percentile.
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E10A

E10B

E10C

E10D

EllA
El1lB
EllC
E1LD

El2A

E12B

El12C

E12D

Table A.IIL.I

Fault Tree Data Inoput

Check valve (FW09C) plugged

Check valve (FWO09D) plugged

Check valve (FWOO0BA) fails
to oper

Check valve (FWO08B) fails
to open

Check valve (FWOO0BC) fails
to open

Check valve (FWOO8D) fails
to open

Flow controller (FC2A) failure
Flow rontroller (FC2B) failure
Flow controller (FC2C) failure
Flow controller (FC2D) failure

Air operated valve (FW510)
fails to open

Air operated valve (FW520)
fails to open

Air cperated valve (Fw530)
fails to open

Air operated valve (FW540)
fails to open

Failure

Probability
Per Demand
(Per Hour)

‘. .0!"

1 c°B°“

(3.1E-5)
(3.1E-5)
(3.1E-5)
(3.1E-5)

(3 .03-5)

(3 .0!'4)

(3.0E-4)

(3 .05’4)

"Error Factor = Ratio of 95th to 50th percentile.

A-26

Error
Factor™ kef. Comments

3 1
3 1
3 1
3 1
3 1
3 1
10 2
10 2
10 2
10 2
3 1
3 1
3 1
3 1
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Table A.II1.] (Continued)

T/ M W . ™M

,‘.ﬁ
‘

rm 3 ' FR X M

Failure
Probability
Event Per Demand Error
No. Description (Per Hour) Factor®™ Ref. Comments

E13A Manual valve (FWO55A) plugged 1.0e-4 3

E13B Manual valve (FWO55B) plugged 1.0E-4 3

E13C Manuel valve (FWO55C) plugged 1.0E-4 3

EI3D Manual valve (FWO55D) plugged 1.0E-4 3

El4 Manual reset for logic A failure 1.0E-2 10

El5 Manual reset for logic B failure 1,0E-2 10

El16A Train A chack valve (AFOl4A) 1.0E-4 3
to 5G-A fails to open

El16B Train A check valve (AFO14B) 1.0E-4 3
to S5G-B fails to open

E16C Train A check valve (AF0l4C) 1.0E-4 3
to SG-C fails to open

El16D Train A check valve (AF014D) 1.0E-4 3
to SG-D fails to open

E17A Train A MOV (AFO13A) to SG-A 1.0E-4 3
plugged

El17B Train A MOV (AFO13B) to SG-B 1.0E-4 3
plugged

E17C Train A MOV (AF013C) to SG-C 1.0E-4 3
plugged

E17D Train A MOV (AF013D) to SG-D 1.0E-4 3

plugged

*Error Factor = Ratio of 95th to 50th percenmtile.
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E18D

E19A

E19B

E19C

E19D

E20A

E20B

E20C

E20D

Table A.II1.1 (Continued)

Train A AOV (AF005A) to SG-A
plugged

Train A AOV (AF005B) to SG-B
plugged

Train A AOV (AF005C) to SG-C
plugged

Train A AOV (AF005D) to SG-D
plugged

Traiu A flow limiting orifice
(AFO11) to SC-A plugged

Train A flow limiting orifice
(AF013) to SG-B plugged

Train A flow limiting orifice
(AF015) to SG-C plugged

Train A flow limiting orifice
(AFO17) to SG-D plugged

Train B check valve (AFOl4E)
to SG-A fails to open

Train B check valve (AFOl4F)
to SG-B fails to open

Train B check valve (AF014G)
to SG-C fails to open

Train B check valve (AFOl4H)
to SG-D fails to open

Failure

Probebility

Per Demand Error

(Per Bour) Factor™ Ref. Comments

1.0E-4 3 1
1.0F-4 3 1
1.0E-4 3 1
1.0E-4 3 1
3.0E-4 3 1
3.0E-4 3 1
3.0E-4 3 1
3.0E-4 3 1
1.0E-4 3 1
1.0E-4 3 1
1.0E-4 3 1
1.0E-4 3 1

*Error Factor = Ratio of 95th to 50th percentile
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E21D

E22A

E22B

E22C

E22D

E23A

E23B

E23C

E23D

E24A

E24B

Table A.III.] (Continued)

Train B MOV (AFO13E) to SG-A
plugged

Train B MOV (AFO13F) to SG-B
plugged

Train B MOV (AF013G) to SG-C
plugged

Train B MOV (AFO13H) to 5G-D
plugged

Train B AOV (AFOO05E) to SG-A
plugged

Traic B AOV (AFOO5F) to SG-B
plugged

Train B AOV (AF005G) to SG-C
plugged

Train B AOV (AFOOS5H) to SG-D
plugged

Train B flow limiting orifice
(AF012) to SG-A plugged

Train B flow limiting orifice
(AF014) to SG-B plugged

Train B flow limiting orifice
(AF016) to SG-C plugged

Train B flow limiting orifice
(AF018) to S6-D plugged

Train C check valve (FW0364A)
to SG-A fails to open

Train C check valve (FWO36B)
to SG-B fails to open

Failure
Probability
Per Demand
(Per Hour)

1.0E-4

1.05-6

1.0E-4

1.0!‘4

1.0!’4

3.08-‘

3.0E-4

3.0E-4

3008'“

1.0!-6

1.0!"

*Error Factor = Ratio of 95th to 50th percentile

A-29

Factor® Ref. Comments



Tabie A.II1.]1 (Contipued)

Failure

Probability

Per Demand Error

(Per Hour) Factor™ Ref. Comments

Train C check valve (FUOBGC)
to SG-C fails to open

Train C check valve (FW036D)
tec SG-D fails to open

Traio C AOV (FWO35A) to SG-A
faile to operate

Train C AOV (FWO35B) to SG-B
fails to operate

Train C AOV (FW035C) to SG-C 3.0E-4
fails to operate

Train C AOV (FW035D) to SG-D 3.0E-4
fails to operate

Train C flow controller (FC15A) (3.1E-5)
to SG-A fails

Train C flow controller (FC15B) (3.1E-5)
to SG-B fails

Train C flow controller (FC15C) (3.1E-S)
to SG-C fails

Train C flow controller (FCISD) (3.1E-5)
to SG-D fails

Train C AOV (FW034A) to SG-A 3.0E-4
fails to operate

Train C AOV (FWC34B) to SG-B 3.0E-4
fails to operate

Train C AOV (FWO034C) to SG-C 3.0E-4
fails to operate

Train C AOV (FWO034D) to SG-D 3.0E-4
fails to operate

*Error Factor = Ratio of 95tb to 50th percentile
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E28D

E29

E20

E31

E32

E33

E35

E36
E37

Table A.III,]1 {Conticued)

Train C manual valve (FW33A)
to SG-A plugged

Train C manual valve (FW33B)
toe SG-B plugged

Train C manusl valve (FW33C)
to S5G-C plugged

Train C manual valve (FW33D)
to SG-D plugged

Train A discharge valve
(AF004A) plugged

Traino A check valve (AF003A)
fails to open

Traino A motor pump (AFI0PA-1)
fails to start

Train A motor pump local
control circuit fails

Train A breaker (PCB1412)
inadvertently opened

Loss of AC supply lines on
reactor trip

Onit 1 diesel generator
(DG-1A) fails to start

ACBl4B breaker fails to close

PCB1412 breaker fails to open

Failure
Probability
Per Demand
(Per Hour)

l .0!‘4

1 OOB-“

1.0E-4

1.0E-3

6.0!‘3

(1.0E-6)

1.03-3

1 .0!-2

1:08’3
1 QOB-3

"Error Factor = Ratio of 95tb to 50th percentile
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Error
Factor™ Ref. Comments

10

Engineering
judgment

NRC Safety &
Licensing
Branch
agreed.



*Error

Table A.1I1.1 (Continued)

Unit 2 dieecel generator (DG2A)
fails tc start

ACB2413 breaker fails to close

PCB2412 breaker fails to cpen

Operator fails to manually
transfer BUS 241 to 14l

ACB2414 Ybresgker fails to close
ACBl4l4 breaker fails to :lose
Manual valve (AF002A; plugged

Check valve (A10012) fails
to open

Recirculation orifice and
velves pluggad

MOV (AFO07A-1) fails to open

MOV (AFO007A-1) level conmizol
circuit fai.s

MOV (LFO00LA-1) fails to open

MOV (AFO0O6A-1) level countrol
sircuit fails

ESW recirculaticn failure to
ewitch (train A)

ESW train A fails

Troin A discharge valve
\AF0044) inadvertently clopcd

Manual override for moZor pum:
(AFIOPA-L) fails

Failure
Probability

Per Demaund Error
(Per Bour)

1n0£'3

1.0E-2

1.0E-3
1.0E-3
1.0E-4
1.0E~4

(5.0E-4) Not required
cn demand

1.0E-3

6.0E-3

lo‘.'l.'3

RED Not required
on demand

2

142 Human error

Factor = Ratic of 95th to 50th percentile
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Table A.II1.] (Continued)

-

Failure
Probability
Event Fer Demand  Error
No. Description (Per Hour) Factor™ Ref. Comments
B55 Autcomatic ESW and recirculation 8.0E-3 3 RBD Not required
transfer circuits on demand
(for Train A) fail
E56 Manual overrides for ESW supply 1.0E-2 10 1
to Train A fail
E57 Train A discharge vaive 3.0E-4 3 1
(AFO04A) fails to open
E58 Train A discharge valve 2.0E-3 3 1
(LFOO4A) local circuit fails
E59 Train A discharge valve 1.0E-2 10 1
(AF004A) manual override fails
E60 Train B ‘ischarge valve 1.0E-4 3 1
(AF004B) plugged
E61 Train B check valve (AFO03B) 1.0E-4 3 1
fails to open
E62 Train B diesel pump (AFO1PB-2) 1.0E-3 3 1
fails to start
E63 Diesel pump local control 4.0E-3 3 1
circuit fails
E64 CS1 manual valve toc Train B 1.0E-& 3 1
(AFO02B) plugged
E65 CST check valve to Train B 1.0E-4 3 1
(AFOOIB) fails to open
E66 CST recirculation orifice and 5.0E-4 3 2 Not required
valves to Train B plugged on demand
E67 ESW MOV (AFOO7B-2) to Train B 1.0E-3 3 1
fails to open
E68 ESW MOV (AF007B-2) local 6.0E-3 3 1

control circuit fails

*Error Factor = Ratio of 95th to 50th percentile
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E70

E71

E72

E73

E74

E75

E76

E77

E78

E79

E80
E8]

E82

Table A.III.i (Continued)

ESW MOV (AF006B-2) to Traio B
fails to open

ESW MOV (AFO06B-2) local
control circuit fails

FSW recirculation failure o
switch (Traino B)

ESW Train B fails

Discharge valve (AF004B)
inadvertently closed

Diesel pump manual override
fails

Automatic ESW and recirculation
transfer circuits to Traino B
fail

ESW (control logic) manual
override (for Train B) fails

Train B discharge valve
(AFO04B) fails to upen

Discharge valve (AFO04B) local
circuit fails

Manual override for discharge
valve (AFO04B) fails

Condensate storage tank rupture

Condensate storage tank manual
valve (CD022) plugged

Condensate storage check valve
(CD183) fails to opea

Failure
Probability
Per Demand
(Per Hour)

4.8E-3

(1.08'6)

7.0E-6

1.03'2

8.0E-3

1.0E-2

300!"

200!‘3

1005'2

100!'6

100!"

1.08'6

*Error Factor = Ratic of 95th to 50tb percentile
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Error
Factor®

10

10

10

RBD

182

RBD

Not required
on demand

Buman error

Not required
on demand
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Table 4.111.]1 (Continued)

Ty ey e

Probability
Per Demand Error
(Per Hour) Factor® Ref. Comments

Condensate storage tank manual
valve (CD149) plugged

Condensate storage tank manual
valve (CDO91) plugged

Condenser botwell rupture

Train C startup FW pump
(FWO2P) fails to start

Train C pump contrel cicruit
fails

M MM e WM .M

Operator fails to manually
start pump (Trainm C)

re

Traic C pump recirculation
circuit and valves fail

Boiler feedwater pump motor
driven stop check valve
(FW002A) fails tc stay closed

Engineering
judgement

Boiler feedwater pump check
valve (FWO0lA) fails to stay
closed

Boiler feedwater turbine driven
stop check valve (FWO2B)
fails to close

Boiler feedwater check valve
(FW4001B) fails to close

FW002C stop check valve fails
to close

FWO0IC check valve fails to
close

*Error Factor = Ratio of 95th to 50th percentile




Table A.IIl.]l (Continued)

Failure

Probability

Per Demand Error
{Per Hour) Factor™

Condensate booster pump lA
fails to keep running failure

Condensate booster pump lA ) Running
control circuit fails failure

Pump lA strainers plugged

Pump 1A recirculation circuit 6.0E-4
and valves fail

Condensate pump 1B fails to (3.0E-5)
keep ruaning

Pump 1B control circuit fails (3.1E-5)
to keep runnping

Pump 18 strainers plugged 1.0E-4

Pump 1B recirculation circuit 6.0E-4
and valves fail

Condensate pump 1C fails tc (3.0E-5) Running
keep running failure

Condensate pump 1C control (3.1E-5) Running
circuit fails to keep failure
running

Condensate pump 1C strainers
plugged

Condensate pump 1C recircu-
lation circuit and valves

*Error Factor = Ratic of 95th to 50th percentile
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Table A.II1.]1 (Continued)

- -

E108 Condensate pump 1D fails to
start

E109 Condensate pump 1D control
circuit fails

E110 Condensate pump 1D strainers
plugged

Elll Condensate pump 1D recircula-
tion circuit and va es fail

El12 Condensate pump 1D aut> and
manual start circuit fails

QM Probability of equipment
failure due tc maintenance

R L L kL iy ———

B Intra-system (valves, circuit
breakers, pumps)

By Inter-system (valves, ESF
signal, pumps)

*Error Factor = Ratic of 95tb to 50th

Failure
Probability
Per Demand
(Per Bour)

percentile

A-37 .

Error
Factor™®

RBD

Maintenance
outage
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APPERDIX F

COMMON CAUSE FAILURES,
Hardvare, Test and Maintenance, Human Errore

F. Commeon Cause Hardware, Test and Maintepance and Buman Erxror Analysis

Commcn cause analysis was performed both qualitatively and
quantitatively, qualitatively to identify potential sources of common
cause failures and quantitacively to indicate the limited effect that
increased redundancy can bave on the reliability of a system.

Qualitative Analysis - The identification of commen or similar
bardware, test, maintenance, buman acticns or physical links between
redundsnt trains was the first step in this analysis. Based on the logic
wodeling (RBDe and FTs) the experience witb other similar systems waich
use redundancy, the testing and maintenance plans, the operator
interactione, the power supplies and service systems, the AFS Trains A and
B can be classified as partly divaerse as shown in Figure F.l, Traino C is
almost fully diverse from A and B, The major dependencies from the
bardware viewpoint bave been accounted for by considering the different
initiating events which impact the power supplies for each train.

The bardware dependencies are mostly outside the AFS components. These
include check valves and blowdown valves on the steam generators.

As a final qualitative check, the potential for common cause failures
as discussed in reference 6 wvere reviewed and are addresscd below.
Reference 6, listed seven common cause failures that occurred in 1975

they were to occur in Byron/Braidweocod AFS:

A. Operator failed to open the valve from the condensate storage tank to the
Train A and B pumps. The two AFS pump loops failed to be available on
demand as required by technical specifications. Docket 50317-51€.

This failure indicates that a “single” valve provided condensate tc the
Train A and B AFS pumps. This appears to be a single failure point. The
Byron /Braidwood AFS has separate supply lines and valves to each of the
AFS pumpe. Thus, a single valve closure will not cause AFS failure. Omly
a commen cause failure, that of a multiple redundant inadvertant valve
closure, will simulate this condition in the Byron/Braidwcod AFS Train A
and B design. In the Byron/Braidwcod design Train C comes from an
independent source of condensate. Also, the Essential Service Water (ESW)
System can automatically” supply water to Trains A and B should be
condensate supply be unavailable. '

Filters (in parallel) om suction side of three pumps plugged up with
foreign material which restricted flow. Docket 50305-354.

Byron/Braidwced AFS pumpe have startup suction filters. Train A and B
pumpe bave full flow test procedures that will detect any restricted flow
including valve plugging.

F-2

AFS experience. These failures are discussed below as to the effect if i‘




C. Condensate storage tank water level wvas intentionally drawn down be.cw
technical specification limits to maintsain maximum steam generator
blowdown. PFailure to maintain water supply to multiple AFS pumps within
specifications. Docket 50315-340.

Byron/Braidwood condensate storage tank for Trains A and B maintain a
maximum of 500,000 gallone and, when the volume decreases to 200,000
gallone, the refill system can provide makeup vater. The AFS requirement
is 207,000 gallone. In addition, the otber unit condensate storage tank
vith a maximum capacity of 500,000 gellons can be manually transferred to
the AFS. A backup water supply is also automatically available from the
essential service water system.

e ™n

Condensaie storage tank water level was intenticnally drawn down below
technical epecification limits because makeup water supply was dirty (bigh

oxygen content)., Failure to maintain water supply to multiple AFWS pumps
with specifications. Docket 50247-449,

In the B/B design the multiple supplies of water reduce depeadence on any
one supply.

e
| S

Two A¥S pumpe failed to start because of defective contcl switches which
failed to close contacts. Docket 50305-350.

This could happen in any AFS., Since the Train B pump is an automatically
iritiated diesel drive, the Train A pump is an automatically started
electric drive, and Train C is a manually started electric drive; the
control switching bas elements of diversity. Thus, all AFS failure
requires independent failures in diverse svatems. Common switches and
breakers in the 2 out of 4 Auxiliary Feedwater Actuation logic for Trains A
and B :->pear to have the greatest potential for a commen cause failure.
Manual override of the logic can minimize this potential common cause
failure in the Byron/Braidwood designs.

{
[
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A breaker accidentally cpened and interrupted power tc the turbine
overspeed protection (which tripped the reactor), and also interrupted

power tc an AFS lube cil pump preventing start of the related AFS pump.
Docket 50305-361.

The Byron/Braidwood AFS lube o0il pump is a direct mechanical drive from the
diesel driven feed pump. Thus, this failure mode should have no effect cn
the Byron/Braidwood AFS xeoliability.

Two AFS valves were upgraded during the licensing process and were not
seismically qualified because of oversight. Docket 50289-491,

All safety related valves on the Byron/Braidwocod AFS are seismically
qualified.

Quantitative Analysis - The method known as the Beta Factor Method of
Reference 9 was used to quantitatively estimate the effect of common cause
failures. Simply stated, the Beta factor method assumes that a fractionm of the

operationally independent failure probabilities of onme locp of a redundant

o——
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system will result io the lces of all the redundant loops in that system. The
band calculations based on the point estimate uses a generic Beta Factor of
= 321672 for inter trein redundancies. This Beta Factor is a median value
based on an assumed range of 10°) to 1073, An intra train Beta Factor of 0.1
vas alsc used. The common cause failure probability, Q... for & redundant
systez can be approximated by the failure probability of ome loap of a
redundant system, Qjoops times +» The total failure rate is the sum of the
common cause failure contributions added to the independent failures in
redundant Traios. Contributions to the Beta factor include buman error,
manufacturing, design, maintenance, testing, quality assurance, and externa!
events.

The equations used to calculate the failure probability on demand were
develcped for each "AND™ gate in the fault tree. The system failure
probability Qf is determined from the following formulation:

Qf = Qindeperdent failures * Qcommon ceuse failures = Qif * Qecs

Qs (Qp(1- B)x Qa(1-B)xuss Qu(1-B)) + B (QI’QZ;'“Q'B ’

vhere n ia the number of redundant Traine

Qindependent failure = (Q(1-8) x (Q2(1-8 )x...Qa(1-8 ))+other component

failures
Q.l + Qiz*”'an Qp1 + sz#...an
Qccf‘ 8. ( o ) ‘Eb( n _) ®oees
g Qi1 * Qj2+...Q45
j ( o )

vhere a, b ... j are the common mode contributions from each redundant
system within the system fault tree.

Since B= 0.l and 0.03 the contributionm of (1-8) in the Qindependent failure
probability bas only a small impact on the pumerical estimate and therefore
only slightly decreases the independent estimate.

For this analysis, the following assumptions were made:
1. The valves, ESF sigral with manual override, electric pump and buman error
vere redundant and were considered with the common cause Beta factor.

2. The diesel drive and electric drive pump wvere diverse and thus subject to
very low commeon cause Beta factor.

3. The major ultra-train and inter-train common cause failures were considered
separately for the three initiating events.

F-4
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The common cause failure probability contributicnms to the AFE were
calculated with the FT analysis code per iopute of Table A.IV and added to the
independent failure probabilities. The results are shown in Sections 2 and 4.
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APPENDIX G
G. Kault Tree Analysis Using MOCUS and STADIC

Fault tree analysis is particularly useful in providing a schematic view
of bow the failures of primaiy events could lead to the failure of the top
event., Ino this particular study, the top event is the failure to supply
sufficient auxiliary feedvater to two of four steam generators within 20
mioutes of a LMFW, LMFW/LOOP, LMFW/LOAC events. To calculate the probabilities
of these events, one can assign numerical probability values to the primary
events in order to quantify the probability of faiure of the defined event.

The analysis consists of two basic steps. First, the minimal cut sets
from the fault tree are determined. %is is easily done¢ with the MOCUS code
(Ref. 10). An example of the cu! s2ts determined using MOCUS is shown in Table
G-l. To reduce computer time for cbtaining the minimal cut sets, the master
fault tree shown in Fig. C-1 was divided intc independent subtrees. Separate
MOCUS runs were performed to determine minimal cut sets for these subtrees.
The results were then combined manually following the Boolean Algebra logic.
Thus, any event starting with A, shown in the list of cut sets, represents a
set of minimal cut sets having ope or more basic events (i.e., all events
starting with E). These cut sets represent those events which could lead to
the failure of three out of four steam generatcers to receive water and
coneequently, lead to the top event. From these cut sets one can formulate
matbematical expressions which define the probability of the top event. The
available failure rate data for the primary events have some degree of
uncertainty and this should be accounted for in the quantification process.
The STADIC code (Ref. 11) provides a fast and efficieat method of doing this.

STADIC uses a Monte Carlo simulation technique to generate a
pseudo-random sample statistical distribution for a user-defined output
function. Fer example, ip this study, one output function is the probability
of the top event given the lose of main feedwater. The indeperdent variables
for this output function are the failure frequency rates of each primary event
found in the minimal cut sets. Each variable exhibits random statistical
varistions represented by a particular probability distributiom. STADIC
generates a statistical distribution for the cutput function by selecting at
random, values for each of the independent variables according to their
assigned probability distributions and combining these distributionms in
accordance with the mathematical operations specified by the output functiom.
A second set of randomly selected values for the independent variables is then
chosen and a second evaluation of the function is made. This process is
repeated several thousand timee on the computer. The resulting values for the
output function are then sorted snd arranged ip increesing corder of magnitude.
Confidence limits of the ocutput distribution may then be determined directly
from the ordered array. As an illustration of the method, we bave in Tables
G-2 and G-3 & list of equations defining the relationship of basic evexts which
lead to ihe top event.
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In the fault tree quantification uaing STADIC, only those dominant events
(in terms of bigh feilure probsbility values) wers considered. Thus, if one
looks at the equations developed for the LMFW iuitiating event (Table G-2, nmot

all the events found in the list of wminimal cut sets (Table G-1) are
represented.



Table G-1 - Minimal Cut Sets for LMFW Initiating Event
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Table G-1 (cont.)

MOCUS - = VFRSION /7%
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Table G-1 (cont.)
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Table G-1 (cont.)
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Table G-1 (cont.)
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Table G-1 (cont.)
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Table G-1 {cont.)

nagUe - - yFRSION 3776
LA AR R L L L R L R L A L L L e R L R L L L L L L L R R AL A

MINTHAL CUT  <ETS FOR GATF c8% = ALS

LR e L L e L L L L R L LA AL L e
CUT SETS wiTH 1 COMPONENTS

(] cios
2) ftins
N fllu
LR} fi11
S fFl12 i

CUT SIS wiTH 2 COMPOWENTS

NONE FxIST.
CUT SETS WiTwH 3 COMPONENTS

NONE EXIST.
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Table G-2 - Unavailability Expressions (STADIC INPUT)

104
105
126
107

-99
S0

QUNON NN -
oo cO0 alale!

[ 4

121

N
N

9+=9

123
124
125
126
127
128
129
130
131
132
133
134
135
136 >

— — s BN O D B3 O B . e I oo

alale]

o0 Oo060 o0 00

For LMFW Initiating Event

LMFW DOMINANT EQUIP FAILURES FOR iRAIN A

TRA~E2Q+EZD+E31+E32+(E33+E34)1%x (E3S+E3B+E 27 )%
(E3B+E39+E40+E41+E42+E43)

COMINANT EQUIP FAILURES FOR TRAIN B
TRB-EGO+E61+E6G2+EB3

DOMINANT EQUIP FA!LURES FOR iRAIN C
TRC=-EBS+EBB+EB7+EBR+EBT

SYSTEM FAILURES (NOT TRAIN SPECIFIC !
Pl=FI1*xE2XE3sE4x(1 -B2)
P2«4 x(((1 -B2)XEBIX%ZX )
P3«4 x((EG+ES)I%x3 ix[7
P4« (EQ+E10%(1 -B2)+E11+E12+E131x%3
PS=P2xP4

COMMON CAUSE TRAIN A
CA1=-E1XE36

COMMON CAUSE TRAIN C
CCI1=-B1Xx(EOQG+EQD+E14)

COMMON CAUSE TRAINS A/B
C2-B2x (E1B+E16+E19)

SYSTEM COMMON CAUSE
C3-B2x (EB+E1%E2)

" -

L -
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Table G-2 (continued)

126 C
137 C OUTPUT FUNCTIONS
128 C
139 C LMFY INDEPENDENT
14@ XY(1 )1=TRASTRBITRC +P1+PZ+PG
i1 C LMFW IND & COMMON CAUSE
142 XY (2 )= (TRA+CA) 1 XTRB+C2 13 (TRC+CC11+C3+P1+P3+PS5
143 C {MFW TRAIN A IN MAINTENANCE (INDi
144 XY13)=(TRBETRC+P1+P3+P5 1 ¥0OM
14S C LMFW TRAIN A IN MAINTENANCE (W/CC)
146 XY (4 )=ITRBY(TRC+CC1I1+C3+P1+P3+PS QM
147 C LMFY TRAIN B IN MAINTENANCE (IND)
148 XY (5 )= (TRAXTRC+P1+P3+PS ) $QM
149 C LMFW TFAIN B IN MAINTENANCE (W/CC)
150 XY (6)=((TRA+CA! 1XITRC+CC1)+C3+B22E3S+P1+P3+PS )1 20QM
151 C TRAIN C IN MAINTEMANCE
162 XY(7)=(TRAXTRB+P1+P2+P3 ) 20QM
163 ¢ TRAIN C IN MAINTENANCE (W/CC)

e 154 XY(B)=((TRA+CA1 )XTRB+C3+P1+P2+P3)x0QM

S 165 C LMFW TOTAL MAINTENANCE (IND)
156 XY(Q)=XY(3)4XY(5)+XY(7)
157 C LMFW TOTAL MAINTENANCE (w/CC)
158 XY (1Q)=XY(4)+XY(B)+XY (8]
159 C LMFW HARDWARE & MAINTENANCE (IND)
160 XY(11 )=aXY(1)eXY(9Q)
161 C LMFW HARDWARE & MAINTENANCE (wW/CC)

162 XY(12)=XY(2)+XY(1@)




Table G-3 - Unavailability Expressions (STADIC INPUT)
For LOOP and LOAC Initiating Events

184 C
195 C LOOP DOM EQUIP FAILURES FOR TRAIN A
195 TRA-E2G+EIQ+E3Z1+E32+ (E3S+E36+E37 1%
1Q7 C (E3B+EZQ9+E4D+E41+E42+E£43)
198 C
199 C LOOP DOM EQUIP FAILURES FOR TRAIN B
110 TRB-EBD+EB1+EB2+EB3
$5) L TRAIN C FAILED DUE T0O LOOP
112 C
113 C
114 C SYSTEM FAILURES GCIVEN LOOP
116 C
116 Pl=-E1XE2*E3xE4%(1 -B2)
117 P2-4 ({1 -B2)*EB)1x%x3 )
118 P-4 2 ((EB+ES)1xx3 )xE7
119 P4« (EQ+E10%(1 -B2)+E11+E12+E131%%3
120 PS=P212°94
129 €
Iy 122 C COMMON CAUSE FAILURES
» 123 C
124 CA1=-BI1*E36+B2%E 35
125 CC1=BI1x(EQG+EQA+E14)
126 C2-B2%x IE1B+E16+E19)
127 C3=-B2* (EB+E1%XE2)
128 C
129 C FAILURES DUE T0O MAINTENANCE
130 C
131 PB=(TRB+P i +P2+P3 1x(OM
132 P7=(TRB+C3+P1+P2+PZ )1 xQM
133 PB=(TRA+P1+P3+P2 12(QM
134 PO=(TRA+CAI1+C3+P1+P2+P3)xOQM
136 C
135 >
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Table G-3 (continaed)

104
125
126
@7
108
109
110
1
112
113
114
15
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
135 >

o

alglalsinln! an

zinlal

zligliy

LOOP DOM EQUIP FAILURES FOR TRAIN A
TRAEZ2O+E 3D+EZV1+E32+(E35+F36+FE27 )%
(E3B+EZG+FA0+L41+E4.+E13)

LOOP DCM EQUIP FAILURES FOR TRAIN B
TRB-EGR+EGI +EB2+EDB3

TRAIN C FAILED DUE TO LOOP

SYSTEM FAILURES CIVEN LOOP

P1-EV1*E2*E32E42 (1 -B2}

P2=4 () -B2)*EBI%x3 )

P34 x((EG+ES 1383 12E7
PA=-(EQ+E1@% (1 -B2I+Ei1+E12+E13)%23
PS=-P2xP4

COMMON CAUSE FAIJLURES

CA1-B13E36+B2%E3S
CC1=-B1 % (EQG+ESDR+E14)
C2=-B2x(E1B+E16+E19)
C3-B2¢ IEB+E12E2)

FAILURES DUE TO MAINTENANCE

PE=(TRB+P1+P2+P3 1 x(OM
P7=(TRB+C3+P1+P2+PZ12QM
PB=(TRA+P1+P3+P2 ) x(OM
PO=(TRA+CAI1+C3+P1+P2+P3)20QM
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Table G-3 (continued)

136
137
138
139
149
141
142
143
144
145
146
t47
148
149
150
151
152
153
154
165
156
157
1586
159
160
161
162
163
164
165
166
166 >

0s-9

0O O 6 6 O O0N0O0 O O O 0 6 O000

NUTPUT FUNCTICNS

LOOP HARDWARE (IND)
XYU)1 1=TRATTRB+P1+P2+P3
LOOP HARDWARE (W/CC)
XY 12 1=l ITRACAI 1€TRB 1+P1+P2+4P3+C34C2
LOOP MANTENANCE (IND)
XY(3)=P6 + PB
LOOP MAINTENANCE (w/CC)
XY(41=P7+PQ
LOOP TOTAL HARDWARE & MAINTENANCE (IND)
XY (S )XY () )eXY(3)
LOOP TOTAL HARDWARE & MAINTENANCE (W/CC)
XY (B)=XY(2)+XY(4)

LOAC TRAINS A AND C FAILED

LOAC HARDWARE (IND)
XY(7)=TRB+P1+P2+P3
LOAC IND AND COMMON -CAUSE
XY(8)=XY(71+C3
LOAC MAINTENANCE (IND)
XY(Q)1=OQME( 1! B+P1+P2+P3)
LOAC MAINTENANCE (w/CC)
XY(1@)=XY(9)+QM=xC3
LOAC TOTAL HARDWARE & MAINTENANCE (IND)
XY (11 )eXY(7)+XY(9)
LOAC TOTAL HARDWARE & MAINTENANCE (w/CC)
XY (12)=XY(B)+XY(10)

——— - B B OEA B O B




M ™A

MmN

i e B B . B e BN BN .

APPENDIX H

BYRON/BRAIDWOOD

PIPING AND INSTRUMENT DRAWINGS FOR AUXILIARY FEEDWATER
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APPENDIX 1

BYROn/BRAIDWOOD ELECTRICAL DRAWINGS
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Figure I.1 1A(2A) AUX FEEDWATER PUMP POWER SOURCES
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Figure 1.2 6.9KV & 4KV DISTRIBUTION
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