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Abstract

In a study sponsored by the U.S. Nuclear Regulatory Commussion (NRC), Pacific Northwest Laboratory has developed
and applied a methodology for deriving plant-specific risk-based inspection guidance for the auxiliary feedwater
(AFW) system at pressurized water reactors that have not undergone probabilistic risk assessment (PRA). This
methodology uses existing PRA results and plant operating experience information. Existing PRA-based inspection
guidance information recently developed for the NRC for various plants was used 10 identify generic component fail-
ure modes. This information was then combined with plant-specific and industry-wide component information and
failure data to identify failure modes and failure mechanisms for the AFW system at the selected plants. North Anna
was selected as a plant for study. The product of this effort is 2 prioritized listing of AFW failures which have occurred
#t the plant an! at other PWRs. This listing is intended for use by the NRC inspectors in preparation of inspection
plans addressing AFW risk important components at the North Anna plant.
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Summary

This document presents a compilation of auxiliary feedwater (AFV/) system failure information which has been
screened for risk significance in 1erms of failure frequency and degradation of system performance. It is a risk-
prioritized listing of failure events and their causes that are significant enough 1o warrant consideration in inspection
planning at the North Anna plant. This information is presented to provide inspectors with increased resources for
inspection planning at North Anna.

The risk importance of various component failure modes was ideantified by analysis of the results of probabilistic risk
assessments (PRAs) for many pressurized water reactors (PWRs). However, the component failure categories
identified in PRAs are rather broad, because the failure data used in the PRAs is an aggregate of many individual
failures having a variety of root causes. In order to help inspe - ocus on specific aspects of component operation,
maintenance and design which might cause these failures, ane.  ve review of component failure information was
performed to identify and rank the root causes of these component failures. Both North Anna and industry wide
failure information was analyzed. Failure causes were sorted on the basis of frequency of occurrence and seriousness
of consequence, and categorized as common cause failures, human errors, design problems, or component failures.

This information is presented in the body of this document. Section 3.0 provides brief descriptions of these risk-
important failure causes. and Section 5.0 presents more extensive discussions, with specific examples and references.
The entries in the two sections are cross-referenced.

An abbreviated systein walkdown table is presented in Section 3.2 which includes only components identified as risk
imporiant. This table lists the system lineup for normal, standby system operation.

This information permits an inspector 1o concentrate on CoMponEnts important o the prevention of core Camage.
However, it is important to note that inspections should not focus exclusively on these components. Other
components which perform essential functions, but which are not included because of high reliability or redundancy,
must also be addressed 1o ensure that degradation does not increase their failure probabilities, and hence their risk
importance.

i NUREG/CR-5837
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1 Introduction

This document is one of a series providing plant-specific
inspection guidance for auxiliary feedwater (AFW) sys-
ters at pressurized water reactors (PWRs). This guid-
ance 18 based on informatica from probabilistic Tisk us-
sessments (PRAs) for similar PWRS, industry-wide
operating experience with AFW systems, plant-upecific
AFW system descripuons, and plant specific operating
experience. 1t is not a detailed inspection plan, but
rather a compilation of AFW system failure information
which has been screened for risk significance in terms of
failure frequency and degradation of system perform-
ance. The result is a risk-prioritized listing of failure
events and their causes that are significant enough to
warrant consideration in inspection planning at North
Anna,

This inspection guidance is presented in Section 3.0, fol-
lowing a description of the North Anna AFW system in
Section 2.0. Section 3.0 identifies the risk important sys-
tem components by North Anna identification number,
followed by brief descriptions of each of the various fail-
ure causes of that component. These include specific
human errors, design deficiencies, and hardware fail-
ures. The discussions also identify where common cause
failures have affected multiple, redundant components.
These brief discussions identify specific aspects of sys-
tem or component design, operation, maintenance, or
testing for inspection by observation, records review,
training observation, procedures review, or by observa-
tion of the implementation of procedures. An AFW
system walkdown tabie identifving risk important

components and their lineup for normal, standby system
operation is also provided.

The remainder of the document describes and discusses
the information used in compiling this inspection guid-

ance. Section 4.0 describes the risk importance informa-

tion which has been derived from PRAS and its sources.
A review of that section will show, the failure events
identified in PRAs are rather broad (¢.g., pump fails 10
start or run, valve fails closed). Section 5.0 addresses
the specific failure causes which have been combined
under these broad events,

AFW system operating history was studied 1o identify
the various specific failures which have been aggregated
into the PRA failure events. Section 5.1 presents a sum-
mary of North Anna failure information, and Section 5.2
presents 4 review of industry wide failure information.
The industry wide information was compiled from a
variety of NRC sources, including AEOD analyses and
reports, information notices, inspection and enforce-
ment bulletins, and generic letters, and from a variety of
INPO reports as well. Some Licensee Event Reports
and NPRDS event descriptions were also reviewed. Fi-
naily, information was included from reports of NRC
sponsored studies of the effects of plant aging, which in-
clude quantitative analyses of reported AFW system
failures. 7 is industry wide information was then com-
bined with the plant-specific failure information to iden-
tify the various rGot causes of the broad failure events
used in PRAs, which are identified in Section 3.0.

NUREG/CR-5837
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2 North Anna AFW System

This section presents an overview of the North Anna
AFW system (a Westinghouse 3 loop plant), including a
simplifie *matic system diagram. In addition, the
system sua.  Criterion, system dependencies, and ad-
ministrative operational constraints are also presented

2.1 System Description

The AFW system provides feedwater to the steam gen-
erators (5G) 1o allow secoudary-side heal removal when
main feedwater is not available and to promote natural

irculation of the Reactor Coolant System (RCS) in the
event of a loss of all three reactor coolant pumps. The
system is capable of functioning for extended periods
during a total loss of offsite power or a loss of the main
feedwater system. This allows time 10 restore offsite
power or main ferdwater flow or to proceed with an or-
derly cooldown of the plant to the point where the Res-
idual Heat Removal system (RHR) can remove decay
heat. A simplified schematic of the North Anna AFW
system and TDAFW pump steam supply is shown in
Figure 2.1,

The AFW system consists of one turbine-driven pump
(TDAFW) and two motor-driven feed pumps
(MDAFW) that provide feedwater to the steam genera-
tors, one Emergency Condensate Storage Tank (ECST),
and associated piping, valves and instrumentation,
Feedwater is supplied to the TDAFW and MDAFW
pumps from the ECST through individual suction
headers. The TDAFW and MDAFW pumps are capa-
ble of supplying all steam generators. Steam is supplied

10 the TDAFW turbine from a!' three SGs through auto-

matically controlied air operated valves (TV-MS-111A
and B) located upstream of the main steam trip valves,
The TDAFW and MDAFW pumps are equipped with a
continuors recirculation flow and TwAFW bearing
cooling system, which prevents pump deadheading and
bearing overheating. The MDAFW pumps are
protected from runout conditions by Pressure Control
Valves (PCV) and the TDAFW pump by a restricting
orifice, all are located in the pump discharge lines.

The system is desigaed to automatically start, SGs levels
are manually controlled. The TDAFW and the
MDAFW pumps will start upon any oZ the following
conditions and initiate auxiliary feedwater flow:

¢ Low-low SG level

¢ Main feedwater pumps breakers open

* Safety Injection

*  Loss of reserve station service

*  ATWS Mitigation System actuation is initiated.

The AFW pumps discharge through check valves and
are normally aligned 10 one SG (FW-P-3A 10 the "C" SG
via HCV-FW-100C, FW-P-3B 1o the "B" SG via MOV-
FW-100B, and the TDAFW pump (FW-P-2) 10 the "A"
SG via FW-MOV-100D). Depending upun plant condi-
t.ons, the discharge of each pump can be lined up o any
SG by opening lock-closed manual isolation valves. The
AFW lines for the SGs are each equipped with a flow
element, flow transmitter, and a manual flow control
valve,

In addition 1o dual, redundant steam supply and dis-
charge headess, power, control, and instrumentation as-
sociated with the two AFW system trains are indepen-
dent from each other,

The Emergency Condensate Storage Tank is the normal
source of water for the AFW system. The tank is re-
uired 1o store a sufficient quantity of demineralized
water (110,000 gallons) to maintain the reactor coolant
system (RCS) at hot standby conditions for 8 hours dur-
ing a loss of power and with steam release 1o the atmos-
phere and then to cool the RCS 1o place the RHR sys-
tem in service. The administratively controlled, locked
open and locked closed valve configuration requires that
the ECST discharge valves (FW-173, FW-160 and
FW-143) be locked open to supply the AFW system.
Additionally, the Service Water and Fire Protection
systems can be manually aligned 1o provide backup
supply to the AFW system.

NUREG/CR-5837
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North Anna

2.2 Success Criterion

Syslem suceess requires the operation of at least one

pump suppiving a minimum of 340 “pm to al least vne
; of the three sieam generators with . One minule a.der a
y loss of all main feedwater.

2.3 System Dependencies

The AFW system depends on AC and DC power at vari
ous voltage levels for TT 4 M turbine governors, motor
operaied valve contral circuits, solenoid valves, and
monitor and alarm circuits. Instrument Air is required
for the Main Steam Admission valves 1 "V-MS-11TA &
B), AFW Hard Control Valves (FW-HCV-A, B & ©)
and Pressure Control Valves (FW-PCV-159A & B).

The Main Steam Admission and AFW HCVs and PCYV's
fail open on a loss of Instrument Air or power. Steam
availability is required for the TDAFW pumps.

2.4 Operational Constraints

When the reactor is in MODES 1, 2, o1 3 (Hot Standby

through Power Operation), North Anna Technical Spec-

ifications require three independent - FW pumps (two
motor driven powered from separate emergency

NUREG/CR-5837
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busses and one steam torbine capable of being powered
from an OPERABLE steam supply system) and associ-
ated flow paths © be OPERABLE. 1f one AFW pump
or flow path - :comes inoperable, it must be iestored 1o
operable stat s within 72 hours or the unit must be
placed in HOT SHUTDOWN within the 62xt 6 hours.
When two AFW pumps or flow path becomes inopera-
ble, th «nit must be placed in HOT STANDBY within
6 ho-_e and in HOT SHUTDOWN within the following
Shours. When three AFW pumps bece e inoperable
immediate corrective actions must be taken o restore al
least one AFW 10 OPERABLE status as sonn as
possible.

North Anna Technical Specificaticns iequire the Emer-
gency Condensate Siorage Tank (0 be operable with a
minimum contained water volume of at izast 110,000
galions.

Vith the Emergency Condensate Siorage Tank inoper-
able, within 4 hours either the Emergency Condensate
Storage Tank s to be returned 1o OPERABLE status or

the 300,000 gallon condensate storage tank is 10 be dem-

onstrated 1o be OPERABLE as a backup supply to the
AFW system and the Emergency Condensate Storage
Tank is 10 be returned 10 OPERABLE status within 7
days or the unit is (o be placed in HOT SHUTDOWN
within 12 hours,
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3 Inspection Guidance for the North Anna AGW System

In this section the risk important components of the
North Anna AFW system are identified, and the impor-
tant failure modes for these components are briefly des-
cribed. These failure modes include specific human er-
rors, design deficiencies, and types of hardware failures
which have been observed to occur for these compo-
nents, both at North Anna and at PWRs throughout the
nuclear industry. The discussions also identify where
common cause failures have affected multiple, redun-
dant components  These brief discussions identify spec
ific aspects of system or component desiga, operation,
maintenance, o testing for inspection activities. These
activities include observation, records review, training
observation, procedures review, ot by observation of the
implementation of procedures.

Table 3.1 is an abbreviated AFW system walkdown table
which identifies risk important components. This tabie
lists the system lineup for normal (standby) system op-
eration. Inspection of the components identified in the
AFW system walkdown table address essentially all of
(he risk associated with AFW system operation.

3.1 Risk Important AFW Components
and Failure Modes

Common cause failures of multiple pumps are the most
risk-important failure modes of AFV/ system compo-
nents. These are followed in importance by single pump
failures, level control valve failures, and individual check
valve leakage failures.

The following sections address -ach of these failure
modes, in decreasing order of risk-importance. They
present the important root causes of these component
failure modes which have been distilled from historical
records. Each item is keyed 1o discussions in Section 5.2
where additional information on historical events is
presented,

31

3.1.1 Multiple Pump Fuilures due to Common
Cause

The following listing summarizes the most important
multiple-pump failure modes identified in Section 5.2.1,
Common Cause Failures, and each item is keyed to en-
tries in that section.

+  Incorrect Operator intervention into automatic svs-
tem functioning, including improper manual start-
ing and securing of pumps, has caused failure of all
pumps, including overspeed trip on startup, and in-
ability to restart prematurely secured pumps. Con-
trol switch mispositioning has caused both of the
TDAFW pumps to trip on overspeed. C1

«  Valve mispositioning has caused failure of all
pumps. Pump suction, steam supply, and instru-
ment isolation valves have been involved. CC2.

+  Steam binding has caused failure of multiple pumps.
This resulted from leakage of hot feedwater past
check valves and a motor operated valve into a com-
mon discharge header. CC10. Multiple-pump steam
hinding has also resulted from improper valve
lineups, and from running a pump deadheaded.
CC3.

»  Pump control circuit deficiencies or design modifi-
cation errors have caused failures of multiple pumps
10 auto start, spurious pump trips during operation,
and failures to restart after pump shutdown. CC4.
Incorrect setpoints and control circuit calibrations
have also prevented proper operation of multiple
pumps. CCS.

«  Loss of a vital power bus has failed both the turbine-
driven and one motor-driven pump due 10 loss of
control power 10 steam admission valves of 1o tur-
bine controls, and 1o motor controls powered from
the same bus. CC6.

NUREG/CR-5837
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*  Simultaneous stariup of multiple pumps has caused
oscillations of pump suction pressure causing multi-
ple-pump trips on low suction pressure, despite the
existence of adequate static net positive suction
head (NPSH). CC7. Design reviews have identified
inadequately sized suction piping which could have
yielded insvfficient NPSH to support operation of
more than one pump. CC8.

3.1.2 Turbine Driven Pump Fails to Start or
Run

* Improperly adjusted and inadequately maintained
turbine governors have caused pump failures. HE2
Problems include worn or loosened nuts, set 5crews,
linkages or cable connections, oil leaks and/or con
tamination, and elecirical failres of resistors, tran-
sistors, diodes and circuit cards, and erroneous
grounds and connections. CFS. North Anna has ex-
perienced similar failure.

*  Terry turbines with Woodward Model EG gover-
nors have been found 1o overspeed trip if full steam
flow is allowed on startup. Sensitivity can be re-
duced if a startup steam bypass valve 1s sequenced to
open first. DEL.

* Turbines with Woodward Model PG-PL governors
have tnpped on overspeed when restarted shortly
after shutdown, unless an operator has locally exer-
cised the speed setting knob to drain oil from the
governor speed setting cylinder (per procedure),
Automatic oil dump valves are now available
through Terry. DE4.

*  Condensate slugs in steam lines have caused turbine
overspeed trip On startup. Tests repeated right after
such a trip may fail to indicate the problem due to
warming and clearing of the steam lines. Surveil-
lance should exercise all steam supply connections.
DE2

¢ Trip and throttle valve (TTV) problems which have
failed the turbine driven pump include pheically
bumping it, failure 1o reset it following testing, and
failures to verify control room indication of reset.
HE2. Whether either the overspeed trip or TTV
rip can be reset without resetting the other,

NUREG/CR-5837 3.2
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indication in the control room of TTV position, and
unaiubiguous local indication of an overspeed (rip
affect the likelihood of these errors. DE3.

Stress corrosion cracking caused failure of the tur-
bine driven pump, allowing the final stage shaft
sleeve 10 rub and eventually become {riction welded
10 the stationary final stage piece of the pump.

Mispositioning of handswitchies and procedura!l def-
iciencies have prevented automatic pump starl.
HE3. North Anna has experienced similar failings.

3.1.3 Motor Driven Pump Fails to Start or
Run

Control circuits used for automatic and manual
putnp starting are an important cause of motor
driven pump failures, as are circuit breaker failures,
CF7. North Anna has experienced similar failures.

Mispositioning of handswitches and procedural det-
iiencies have prevented auwomatic pump <tarts.
HE3, North Anna has experienced similar failings.

Low lubrication oil pressure resulting from heatup
due 1o previous operauon has prevented pump re-
start due to failure to satisfy the protective inter-
lock. DES.

3.1.4 Pump Unavailable Due to Maintenance
or Surveillance

Both scheduled and unscheduled maintenance re-
move pumps from operability. Surveillance requires
operation with an altered line-up, alithough a pump
train may not be declared inoperable during testing.
Prompt scheduling and performance of mainten-
ance and surveillance minimize this unavailability.

3.1.5 Air Operated Valves Fail Closed

Main Steam Aumission valves: MS-111A & B
AFW Flow Control Valves: FA HCV-100A, B & C

g}FW Pressure Control Valves: FW-PCV-159A &

e = e e R e e e B e e e
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The normaily closed air operated Main Steam Admis-
sion valves admit steam to the TDAFW turbine. They
fail open on loss of Instrument Air. The normally
closed AFW HCVs and PCVs fail open on a 1oss of In-
strument Air. Pump runout could occur upon failure o
the PCVs open. Failure of the normally closed HCVs
(FW-HCV-100A & B) open will allow different Nlow
paths to the SGs if the downstream normally locked
closed manual solation valves are open.

* Control ¢ircuit problems have been a primary cause
of failures. CFY. Valve failures have resulted from
blown fuses, failure of control components (such as
current/pneumatic convertors), broken or d 'ty con-
tacts, misaligned or broken limit switches, control
power loss, and calibration problems. Degraded op-
eration has also resulted from improper at: pressure
due 10 the wrong type of air regulator being in-
stalled or leaking air lines. North Anna has exper-
ienced similar failures.

* Inadequate air pressure regulation has resulted in
control valve failure 0 operate.

3.1.6 Motor Operated Valves Fail Closed

TDAFW Flow Control valves: FW-MOV-100A, B
&C

TDAFW Pump Discharge Isolation.
EW-MOV-100D

The TDAFW Flow Control valves are used to coatrol
SG level. FW-MOV-100B is normally open and fails
"As-I8". FW-MOV-100A & C are normally closed and

also fail "As-Is" and are only used during off normal con-

ditions. The TDAFW pump discharge isolation valve is
normally open and is used to isolate AF'V 10 he SGs.

«  Common cause failure of MOVs has (v curred from
failure to use electrical signature tracing equipment
to determine proper settings of torque switch and
torque switch bynass switches. Failure to calibrate
switch settings for high torques necessary uader de-
sign basis accident conditions has also been in-
volved. CC11. Nocth Anna has experienced similar
failures.
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»  Valve motors have been failed due 10 lack of, or im-
proper sizing or use, of thermal overload protective
devices. Bypassing and oversizing should be based
on proper engineering for design basis conditions.
CF4. North Anna has experienced similar failures.

*  Out-of-adjustment electrical flow controliers have
caused impropes discharge valve operation, affec
ing multiple trains of AFW. CC12.

«  Grease trapped in the torque switch spring pack of
the oper stors of MOVs has caused motor burnout
or thermal overload trip by preventing torque switch
actuation. CF8

«  Manually reversiug the direction of motion of oper-
ating MOVs has overloaded the motor circuit. Op-
erating procedures should provide cautions, and
circuit designs may prevent reversal before each
stroke is finish-d. DE?.

*  Space heaters designed for pre-operation storage
have been found wired in parallel with valve motors
which had not been cnvironmentally qualified with
them present. DE7

*  Multiple flow control valves have been plugged by
clams when suction switched automatically to an al-
ternate, untreated source. CCY.

* Leakage of hot feedwater through check valves has
caused thermal binding of normally closed flow con-
trol MOVs. AOVs may be similarly susceptible.
CF2

3.1.7 Manual Suction or Discharge Valves Fail
Closed

Train: b w-143; FW.278
:FW-68 FW-173; FW-184,
EW-93, FW-172, FW-128

These manual valves are normally locked open. For
vach train, closure of the first valves would block pump
suction and closure of the second valves would block
pump discharge.

NUREG/CR-5837
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*  Valve mispositioning has resulted in failures of mul-
tiple trains of AFW. CC2. It has a'so been the

dominant cause of problems idertified during opera-

tional readiness inspections. HE1. Events have oc-
curred most often during maintenance, calibration,
or system modifications. Important causes of mis-
positioning include:

*  Failure to provide complete, clear, and specific pro-
cedures for tasks and system restesation

*  Failure 10 promptly revise and validate procedures,
training, and diagrams following system
modifications

*  Failure to complete all sieps in a priedure

¢ Failure 10 adequately review uncompleied proce-
dural steps after task completion

*  Failure 1o verify support functions after restoration

* Failure 10 adhere scrupulously to administrative pro-

cedures regarding tagging, control and tracking of
valve operations

*  Failure to log the manipulation of sealed valves

*  Failure 10 foliow good practices of writien task as-
signment and feedback of task completion
information

* Failure 1o provide easily read system drawings, ieg-
ible valve labels corresponding 1o drawings and pro-
cedures, and labeled indications of local valve
position

NUREG/CR-5837
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3.1.8 Leakage of Hot Feedwater throngh
Check Valves

P-3A: 168 <127
EW-132, FW-63, FW.95
MDAFW Pump FW-P-3B: FW-183, FW-93,
EW-100, FW-61, FW-125

TDAEW Pump: FW-148, FW-279, FW-68

*  Leakage of hot feedwater through several check
valves in series has caused steam binding of multiple
pumps. Leakage through a closed level control
valve in series with check valves has also occurred,
as would be required for jeakage 1o reach the motor
driven or turbine driven pumps. CC10. North
Anna has experienced leaking check valves.

¢ Slow leakage past the final check valve of a series
may not force the check valve closed. Other check
valves in series may leak similarly, Piping orienta-
ton and valve design are important factors in
achieving truc series protection. CF1

3.2 Risk Important AFW System Walk-
down Table

Table 3.1 presents an AFW system walkdown table in-
cluding only components identified as risk important,
This information allows inspectors 10 concentrate their
efforts on components important to prevention of core
damage. However, 1t is essential 10 note that inspec-
tions should not focus exclusively on these components.
Other components which perform essential functions,
must also be addressed 10 ensure that their risk impor-
lances are not increased. An example would include en-
suring an adequate water level in the CST exists.
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Table 3.1. Risk Importance # W System Walkdown Table for North Anna AFW System Components

Component Feguired Actual
Number Component Name Position-losed Position
FW-P-3A Motor Driven Pump Racked In/Closed "
FW.P-3B Motor Driven Pump Racked 'n/Closed i
m |
FW-545 Full Flow Recire Line Isolation 10 ECST Locked Closed
| FW.142 Condensate Inlet 1o ECST Locked Closed
’ FW-193 Inlet Isolation for Recirc 1o ECST Locked Open
FW-143 Suction Valve 10 FW-P-2 Locked Open ,
FW-160 Suction Valve to FW-P-3A Locked Open
FW-173 Suction Valve 1o FW-P.3B Lacked Open
FW-180 Suction Valve to Pump P-3A from Firemain Locked Closed
FW.175 Isolation Valve from Firemain to AFW pumps Locked Closed :
FW-162 Suction Valve to Pump P-3B from Firemain Locked Closed |
FW-145 Suction Valve to FW-P-2 from Firemain Locked Closed :
Fw-227 isolation Valve for Service Water to AFW pumps Locked wiosed |
' )
f FW.1%0 Discharge valve for FW-P-3B (o HCV header Locked Closed r
| FWw-184 Discharge valve for FW-P-3B 1o MOV header Locked Open
| FW-346 FW-P-3B full flow Recire isolation Locked Closed
? Fv-172 Discharge valve for FW-P-3A to HCV header Locked Open
FW-166 Discharge valve for FW-P-3A to MOV header Locked Closed

NUREG/CR-5837



B ke SR B L R - o et e

Inspection Guidance
Table 3.1, (Continued)

Component Required

Number Component Name Position-losed
FW-548 FW.P-3A full flow Recire isolation Locked Closed
FW-155 Discharge valve for FW-P-2 10 HCV header Locked Closed
FW-149 Discharge valve for FW-P-2 to MOV header Locked Closed
PCV-159A Pressure Control Valve on MOV header Set AX) psig
PCV-159B Pressare Control Valve on HCV header Set AN psig
Fw-62 Isolation valve downstream of FW-MOV-100A Locked Closed
FW.64 Isolation valve downstream of FW-HCV-100A Locked Closed
MOV-100A MOV on AFW header RC-E-1A Closed
HOV-100A HCV on AFW header RC-E-1A Closed
FW-94 Isolauon valve downstream of MOV- 100B Locked Open
FW.9¢6 {solation valve downstream of HCV-100B Locked Closed
MOV-100B MOV on AFW header RC-E-1B Open
HCV.100B HCV on AFW header RC-E-1B Closed
FW-126 Iselation valve downstream of FW-MOV-100C Locked Closed
FW-128 Isolation valve downstream of FW-HCV- 100C Locked Open
MOV-100C MOV on AFW header RC-E-1C Closed
HCV-100C HCV on AFW header RC-E-1C Open

FW-543 FW-P-2 full Recire isolation Locked Closed
MOV-10GD AFW header MOV 10 RC-E-1A.SG A Open

FW-278 MOV-100D isolation vi- ™ Locked Open
FW48 Piping upstream of check valve Cool
NUREG/CR-5837 36
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Inspection Guidance
Table 3.1. (Continued)

Component Required Actual

Number Component Name Position-losed Position
FW-100 Piping upstream of check valve Cool
Fw-132 Piping up-tream of check vaive Cool
Fw-61 Piping upstream of check valve Cool
’ FW-63 Piping upstream of check valve Cool
, FW.93 Piping upstream of check valve Cool
t FW-95 Piping upstream of check valve Cool
FW-125 Piping upstream of check valve Cool
FW-127 Piping upstream of check valve Cool
Fw-279 Piping upstream of check valve Cool

anLrol rd lod
AFW Pumps

ECST Level

Pull-to-lock

»91.4%
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5 Failure Modes Determined from Gperating Experience

This section describes the primary root cause of AFW
system component failures, as determined from a review
of operating histories at North Anna and at other PWRs
throughout the nuclear industry. Section 5.1 describes
experience at North Anna from 1978 through 1990. Sec-
ton 5.2 summarizes information compiled from a vari-
ety of NRC sources, including AEOD analyses and re-
ports, information notices, ins ection and enforcement
bulletins, and generic leners, and from a variety of
INPO reports as well. Some Licensee Event Reports
and NPRDS event descriptions weie also reviewed indi-
vidually, Finally, information was included from reports
of NRC-sponsored studies of the effects of plant aging,
which include quantitative analysis of AFW system fail-
ure reports. This information was used 10 identify the
various root causes expected for the broad PRA-based
failure events identified in Section 4.0, resulting in the
inspection guidelines presented in Section 7 .0.

5.1 North Anna Experience

The AFW system at North Anna has expertienced fail-
ures of the AFW pumps and pump governors, pump dis-
charge isolation valves, turbine trip and throttie valves,
and system check valves. Failure modes include ele _ini-
cal, instrumentation and control, hardware failures, and
human errors

5.1.1 Multipie Pump Failures

There has besn an incidence of entering Mode 3 with all
AFW pumps incapable of automatic starts. The steam
supply valves for the TDAFW pump were in the close
position and the MDAFW pumps were in the pull-to-
iock position.

5.1.2 Motor Driven Pump Failures

There have been approximately fourteen events of
motor-driven pump failures. One resulted ina trip of a
MDAFW pump from overcurrent. MDAFW pumps
have failed to start due to instrument and control circuit
fatlures. Failure modes have been due to oil seal adjust-

ments, packing leaks, normal wear and aging, dirty
contacts, foreign material in the oil system, and system
design deficiencies,

5.1.3 Turbine Driven Pump Failures

4
!
Approximately twenty events have occurred that have ‘
resulted in decreased operational readiness of the AFW

system. Failure modes involved instrumentation and ‘
control circuits, pump hardware failures, turhine hacd- |
ware failures, mechanical wear, system design deficien- |
cies, procedural deficiencies, and human failures during
maintenance activities. Improper or inadeguate mainte-

nance has resulted in improper adjustment of @ gover-

nor settngs, and steam leaks have caused isolation of

the TDAFW pump.

5.1.4 Flow Contro! and Isolation Valve
Failures

Approximately forty-five events have resulted in im-

aed operational readiness of the air operated and
motor operated isolation valves. Principal failure causes
were equipment wedr, COTrosion, instrumentation and
control circuit fadlures, instrument drift, moisture in in-
strument and control ciruits, valve hardware failures,
valve wear, and human errors. Valves heve failed 1o op-
erate properly due 10 failure of control components,
contamuination and corrosion producis in the instrument
air system, broken or dirty contacts, torque switch set-
tings, defective torque switches, debris in the system,
and calibration problems. Human errors have resulted
in introduction of water to the instrument and control
circuits, improper control circuit repairs, limit switch
adjustment, valve regulator adjustment, and packing
leaks,

5.1.5 Check Valve Failures
Approximately eleven events of check valve failure have
occurred. The fallure mode cited was normal wear and r

aging, dirty components, missing components, and im-
proper or inadequate maintenance.

NUREG/CR-5837
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CCS. Incorrect setpoints and control circuit settings re-
sulting from analysis errors and failures to update proce-
dures have also prevented pump start and caused pumps
10 trip spuriously. Errors of this type may remain unde-
tected despite surveillance testing, unless surveillance
tests model all types of system initiation and operating
conditions. A greater fraction of instrumentation and
control circuit problems has been identified during
actual system operation (as opposed (o surveillance test-
ing) than for other types of failures.

CC6. On two occasions at a foreign plant, failure of a
balance-of-plant inverter caused failure of two AFW
pumps. In addition 1o loss of the motor driven pump
whose auxiliary start relay was powered by the invertor,
the urbine driven pump tripped on overspeed becsuse
the governor valve opened, allowing full steam flow 1o
the turbine. This illustrates the importance of assessing
the effects of failures of balance of plant equipment
which supports the operation of critical components.
The instrument air system is another exampie of such a

systerm,

CC7. Multiple AFW pump trips have occurred at
Millstone-3, Cook-1, Trojan and Zion-2 (IN 87.53,
1987) caused by brief, low pressure oscillations of suc-
tion pressure during pump startup. These oscillations
occurred despite the availability of adequate static
NPSH. Corrective actions taken include: extending the
tume delay associated with the low pressure trip, remov.
ing the trip, and replacing the trip with an alarm and op-
erator action

CC8. Design errors discovered during AFW system re-
analysis at the Robinson plant (IN 89-30, 1989) and at
Milistone-1 tesulted in the supply header from the CST
being too small to provide adequate NPSH to the
pumps if more than one of the three pumps were operat-
ing at rated flow conditions. This could lead to multiple
pump failure due 1o cavitation. Sub.equent reviews al
Robinson identified a loss of feedwater transient in
which inadequate NPSH and flows less than design val-
ues had occurred, but which were not recognized at the
time. Event analysis and equipment trending, as well as
surveillance testing which duplicates service conditions
as much as is practical, can heip identify such design
errors.

S T
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Failure Modes

CC9. Asiatic clams caused failure of two AFW flow
contral valves at Catawba-2 when low suction pressure
caused by starting of a motor-driven pump caused suc-
tion source realignment 10 the Nuclear Service Water
system. Pipes had not been routinely treated (o inhibit
clam growth, nor regularly monitored to detect their
presence, and no strainers were installed. The need for
surveillance which exercises alternative system opera-
tional modes, as well as complete sysiem funcioning, i
emphasized by this event. Spurious suction switchover
has also occurred at Callaway and at McGuire, although
no failures resulted.

CC10. Common cause failures have also been caused by
component failures (AEQD/C404, 1984). At Surry-2,
both the turbine drives, pump and one motor driven
pump were declared inoperable due 1o steam binding
caused by backleakage of hot water through muitiple
check valves. At Robinson-2 bath motor driven pumps
were found 1o be hot, and both motor and steam driven
pumps were found 10 be inoperable at different times,
Backleakage at Robinson-2 passed through closed
motor-operated isolation valves in addition 1o multiple
check valves. Al Farley, both motor and wurbing driven
pump casings were found hot, although the pumps were
not declared inoperabie. In addition to multi-train fail-
ures, numerous mcdents ol single train failures have oc-
curred, resulting in the designation of "Steam Binding of
Auxibary Feedwater Pumps” as Generic Issue 93, This
Seneric issue was resolved by Generic Letter 88-03
(Miraghia, 1988), which required licensees to monitor
AFW piping temperatures each shift, and 10 maintain
procedures for recognizing steam binding and for resior-
ing system operability

CCLL. Common cause Gatlures have also failed motos
operated valves. During the total loss of feedwater event
at Davis Besse, the normally-open AFW isolation valves
failed 10 open after they were inadvertently closed, The
failure ~as due to improper setting of the torque switch
bypass switch, which prevents motor trip an the high
torque required (o unseat a closed valve. Previous prob-
lems with these valves had been addressed by increasing
the tarque switch trip setpoint - a fix which failed during
the event due 10 the higher torque required due o high
differential pressure across the valve. Similar common
mode failures of MOVs have also occurred in other

NUREG/CR-5837



TW-—'P—-— T R rm—— e p— R —— I-sllnh s sk
\
B | 41

Failure Modes

systems, resulting in issuance of Generic Letter 89-10),
“Safety Related Motor-Operated Valve Testing and Sur-
veillance (Partlow, 1989)." This generic letter requires
licensees 1o develop and implement a program 10 pro-
vide for the testing, inspection and maintenance of all
safety-related MOVSs 10 provide assurance that they will
function when subjected to design basis conditions.

CC12. Othor component failures have also resulted in
AFW mulu-train failures. These include out-of-
adjusiment electrical flow controllers resulting in im
proper discharge valve operation, and a failure of oil
cooler cooling water supply valves 10 apen due 10 silt
accumulation.

8£.2.2 Human Errors

HEL The overwhelmingly dominant cause of problems
identified during a series of operational readiness eval-
uations of AFW systems was human performance. The
majority of these human performance problems resulted
from incomplete and incorrect procedures, particularly
with respect to valve lineup information. A study of
valve mispositioning events invalving human error iden-
tified failures in administra'ive control of tagging and

logging, procedural compliance and compietion of steps,

verification of support systems, and inadequate proce-
dures as important. Another study found that valve mis-
positioning events occurred most often during mainien-
ance, calibration, or modifica’ ion activities. Insufficient
training in determining valve josition, and in adminis-
tralsve requirements for contralling vaive positioning
WETEe important causes, as was oral task assignment with-
out task completion feedback.

HE2. Turbine driven pump failures have been caused by
human crrors in calibrating or adjusting governor speed
control, poor governor maintenance, incorrect adjust-
ment of governor valve and overspeed trip linkages, and
errors associated with the trip and throttie valve. TTV-
associated errors include physically bumping it, failure
1O restore it o the correc: position after testing, and
failures to verify control room indication of TTV posi-
tion followiag actuation.

HE3. Motor driven pumps have been failed by human

errors in mispositioning handswitches, and by procedurs
deficiencies.

NUREG/CR-5837
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£.2.3 Design/Engineering Problems and
Krrors

DEL As noted above, the majority of AFW subsysiem
failures, and the greatest relative system degradation,
has been found 10 result from turbine-driven pump fail-
ures. Overspeed (rips of Terry turbines controlled by
Woodward eovernors have been a significant source of
these faiiures {AEOL/C602, 1986). In many cases these
overspeed trips have heen caused by slow response of a
Woodward Model EG governor on startup, at plants
where full steam flow is allowed immediately. This over-
sensitivity has been removed by installing a startup
steam bypass valve which opens first, allowing a con-
trolled turbine acceleration and buildup of oil pressure
10 control the governor valve when full steam flow is
admitted.

DE2 Overspeed trips of Terry turbines have been
caused by condensate in the steam supply lines. Con-
densate slows down the turbing, causing the governor
valve to open farther, and overspeed results before the
governor valve can respond, after the water slug clears.
This was determined to be the cause of the loss-of-all-
AFW event at Davis Besse (AEQD/602, 1986), with
condensation enhanced due to the long length of the
cross-connected steam lines. Repeated tests following a
cold-start trip may be successful due (o system heat up.

DE3. Turbine trip and throttle valve (TTV) problems
are a significant cause of turbine driven pump lailures
(IN 84-66). In some cases lack of TTV position indica-
tion in the control room prevented recognition of a
iripped TTV. In other cases it was possible 10 reset
either the overspeed trip or the TTV without resetting
the other. This problem is compounded by the fact that
the position of the overspeed trip linkage can be mis-
leading, and the mechanism may lack labels indicating
when it is in the tripped position (AEOD/C602, 1986).

DE4. Starrup of turbines with Woodward Model PG-
PL governors within 30 minutes of shutdown has re-
sulted in overspeed trips when the speed setting knob
was not exercised locally to drain oil from the speed set-
ting evlindes. Speed control is based on startup with an
empty cylinder. Problems have involved turbine rota-
tion due 10 both procedure violations and leaking steam.



I‘ Terry has marketed two types of dump valves for aute-
| matically draining the oil after shutdown (AEOD/CH0Z,
1986).

A1 Calvert Cliffs, a 1987 loss-of-offsite-power event re-
quired a quick, cold startup that resulied in turbine tvip
due to PG-PL governor stability problems. The short-
term corrective action was installation of stiffer buffer
springs (IN 88-(0, 1988). Surveillance had always been
preceded by turbine warn.up, which illustrates the im-
portance of testing which duphicates service conditions
as much as is practical.

DES. Reduced viscosity of gear box oil heated by prior
operation caused failure of a motor driven pump 10 start
due 10 insufficient lube oil pressure. Lowering the pres-
sure switch setpoint solved the problem, which had not
hoen detected during testing,

DE6. Waterhammer at Palisades resulted in AFW line
and hanger dam-ge at both steam generators, The AFW
spargers are located at the normal steam generator level,
and are frequently covered and ancovered during level
fluctuations. Waterhammers in top-feed-ring steam
generators resulted in main feedline ruptare at Maine
Yankee and feedwater pipe cracking at Indian Point-2
(IN 84.32, 1984,

| DE? Manually reversing the direction of motion ¢f at
operating valve has resulted in MOV failures where
such loading was not considered in the design (AEOD/
C603, 1986). Contral circuit design may prevent this, re
quiring stroke completion before reversal

DES. At each of the units of the South Texas Project,
space heaters provided by the vendor for use in pre-
installation storage of MOVS were found ta e wired in
parallel to the Class 1E 125 V DC motors for several
AFW valves (IR 50-489/89-11; 5( 499/89-11, 1989). The
valves had been environmentally qualified, but not with
the non-safety-related heaters energized,

§.2.4 Component Failures
Generic Issue 1LE6.1, *In Situ Testing Of Valves® was
divided into four sub-issues (Beckjord, 1989, three of

which relate directly to prevention of AFW system com-
ponent failure. At the request of the NRC, in-situ
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Failure Modes

testing of check valves was addressed by the nuclear in-
dustry, resulting in the EPRI report, "Application
Guidelines for Check Valves in Nuclear Power Plants
(Brooks, 1988)." This extensive report provides infor-
mation on check valve applications, limitations, and in-
spection techniques. In-situ testing of MOVs was ad-
dressed by Generic Letter 89-10, “Safety Related Motor-
Operated Valve Testing and Surveillance” (Partlow,
1989) which requires licensees to develop and imple-
ment a program for esung, inspection and maintenance
of all safety-related MOVs. "Thermal Overload Protec-
tion for Electric Motors on Safety-Related Motor-
Operated Valves - Generic Issue [LE.6.1 (Rothberg,
1988)" concludes that valve motors should be thermally
protected, vet in a way which emphasizes system func-
tion over protection of the operator,

CFl. The common-cause steam binding effects of check

valve leakuge were identiified in Section 5.2.1, entry

CC10. Numerous single-train events provide additional

insights into this problem. In some cases leakage of hot

MFW past multiple check valves in series has occarred

because adequate valve-seating pressure was himited to

the valves closest 1o the steam generators (AEOD/C40M4,

1984). At Robinson, the pump shutdown procedure was |
changed to delay closing the MOVs unuil after the check |
valves were seated, At Farley, Ccheck valves were :
changed from swing type to lift type. Check valve re- i
work has beea done at a number of plants. Different

valve designs and manufaciurers are involved in this |
problem, and recurring leakage has been experienced,

even after repair and replacement.

CF2. At Robinson, heating of motor operated valves by
check valve leakage has caused thermal binding and fail-
ure of AFW discharge valves 1o open on demand. Al
Davis Besse, high differential pressure across AFW in-
jection valves resulting from check valve leakage has
prevented MOV operation (AEOD/Ca03, 19806).

CE3 Gross check valve leakage at McGuire and
Robinson caused overpressurization of the AFW suc-
non piping. At a foreign PWR it resulted in a severe
waterhammer event. At Palo Verde-2 the MFW suction
piping was overpressurized by check valve leakage from
the AFW system (AEOD/C4C4, 1984). Giross check
valve leakage through idle pumps represents a potential
diversion of AFW pump flow,
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isolating the safety-related portion of the 1A system at
several utilities (Letter, Roe to Richardson). Generic
Letter 88-14 (Miraglia, 1988), requires licensees 1o

5.7
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verify by test that air-operated safety-related compo-
nents will pecform as expecied in accordance with ali
design-basis events, including a loss of normal [A.
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IN8?7.53 C E Rossi. October 20, 1987, Awsiliary

Feedwater Pump Trips Resulting from Low Suction Pres-

sure. U S Nuclear Regulatory Commission,
Washington, DC,

IN 8809, C. E. Rossi. March 18, 1988, Reduced Reli-

ability of Steam-Driven Auxiliary Feedwater Pumps

Caused by Instability of Woodward PG-PL Tipe Gover-

nors. US. Nuclear Regulatory Commission,
Washington, DC.

IN 89-30. R. A Azua. August 16, 1689, Kobinson Unir
2 Inadequate NPSH of Auxiliary Feedwater Pumps. Also,
Event Notification 16375, August 22, 1989. Ub.

Nuclear Regulatory Commission, Washington, DC.
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Inspection Report

IR 50-489/89.11; 50-499/89-11. May 26, 1989. Sowth

Texas Project Inspection Report. U S, Nutiear Regula-
tory Commission, Washington, DC.

NUREG Report
NUREG-1154. 1985, Loss of Main and Auxidiary Feed-

water Event at the Davis Besse Plant on June 9, 1985.
LS. Nuclear Regulotory Commission, Washington, DC.

- e P R L U e WU LY L Uy © VO S G U Wy ey N TS,

En————



" B . {

Distribution

)
) ¢
)
W
,
{ f M ¥
i A 4
'
{4
{1
)
M)
’
)




rome 130 VA NUCLEAR REGULATORY COMNOLEION BEPLET W MBE e
J

- bl BIBLIOGRAPHIC DATA SHEET

e e et ~7923
P T ITLE ANC BBt TLE PR—— — PNL-792

(e e NAL A Vel b S
W A Wy ey

NUREG/CR-5837

(50 R N B8 IR e

Auxiliary fFeadwater System Risk-Based Inspecition Guide

for the North Anna Nuclear Power Plants 3 DATE REPORT PLIl, I6MED
wonTw gy
October 1692
& FINOR GRANT NUMBER
L1310
AVTHON S, & TYPL Ok REFORT

J. R, Nickolaus, N. E. Moffitt, B. F. Gore, T. V. Vo

Technical

TPERIDD COVERED tmeivasr Dwies/
12/91 to B/92

U PERFOAMING ORGANIZATION « NAME AND ADDBESS (1 WAL, srowase G ueton. (time 00 Rogen U5 N Moy C i nmisinng
AP BN iy,

Pacific Narthwest Laboratory
Richland, WA 99352

9. SPONSORING DRGANIZATION « NAME AND ADDRESS (1 MAC tvaw “Serw of soow " 1t ! LI Dttace o+ Rowwn L&
e T BTG

™ L

Division of Radiation Protection and Emergency Preparedness
Dffice of Nuclear Reactor Regulation

U,S5. Nuclear Regulatory Commission

Washington, N.C. 20585

10 SUPPLEMENTARY NOTEY

11, ABSTRALT (200 worm & ww/
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specific risk-based inspection guidance for the auxiliary feedwate: (AFW) system at
pressurized water reactors that have not undergone probabilistic risk assessment (PRA*.
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