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FOREWOPD
PREPARED BY THE NRC STAFF

This report presents the results of cvaluations of reported water hammer
occurances in nuclear power plants performed by the Quadex Corporation

for EGAG, Idaho as part of NRC's technical efforts related to the resolution
of the unresolved safety issue (USI)A-1, water hammer. The findings and
recommendations set forth in this report are those of the contractor and
will be reviewed and considered by the NRC staff in its development of a
technical resolution position for USI A-1,



ABSTRACT

This document presents the results of an evaluavion of water hammer events
in LWR power plants. The evaluation was based upon reports of actual
events, typical plant design drawings and operating procedures. Included
in this report are design and operating recommendations for the prevention
or mitigation of water hammer occurrence.
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1.0 INTRODUCTION

This report presents the results of an evaluation of actual and potential
water hammer events occurring in LWR power plants. The evaluation was
performed by Quadrex Corporation for EG&G, Idaho, Incorporated, and is

an extension of previous evaluations by EG&G, Idaho.

Water hammer is the change in the pressure of a fluid in a closed conduit
caused by a change in the fluid velocity. The pressure changes can
create loads on piping and components.

The occurrence of numerous water hammer events in nuclear power plants
led to water hammer being identified as Unresolved Safety Issue (USI)
A-1 by the NRC. The objectives of the work reported herein are to
evaluate water hammer events that have occurred in commercial nuclear
reactors and to develop methods for their prevention and mitigation, as
part of an ongoing effort to resolve USI A-1.

Evaluations are based on the incident reports contained in reference 1,
reviews of licensee event reports (LERs), FSARs, typical plant design
drawings, system descriptions and operating instructions, and the operating
and design experience of the authors. Event numbers used in this report
are the same as those used in reference 1.

Steam generator water hammers are not included in the scope of this
study because they are the subject of other studies.

A summary of the findings and recommendation of this study is presented

in section 2.0. Section 3.0 contains generic and overview findings,
evaluations and recommendations, based on the individual system evaluations.
Individual system evaluations are contained in sections 4.0 and 5.0, for
BWR and PWR systems, respectively. Section 6.0 presents recommended
mechanisms and regulatory concerns for the prevention and mitigation

of water hammer events.
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line leakage to the suppression pool. Other systems which experience
less voiding are supplied by the condensate storage tank, which in many
plants is maintained at a level above the pump discharge lines. The
open service water systems for both BWR and PWR plants are supplied by
sources below the level of the system lines. The second difference
between BWR and PWR plants is the presence of steam water interfaces in
BWRs. These interfaces can permit the leakage of steam bubbles into

low-pressure water lines. The steam replaces water, forming bubbles in
the lines.

The comparative studies of the HPCI, RCIC, and AFW systems (section 3.4)
indicate that line size is a factor in line voiding and its effects.
Smaller lines appear to be less prone to observable water hammer than
larger lines. This might be due tc the fact that less leakage occurs
through the valves of smaller lines. Another factor is that forces
resulting from water hammers in small lines are smaller than those
resulting from larger lines. Thus water hammers occurring in smaller

lines may not be considered reportable, or even detected, if no damage
occurred.

The addition of keep-full systems to BWR systems has reduced the frequency
of water hammers. (The water supply system for a PWR essentially acts

as a keep-full system.) However, venting is also required to remove

voids. In many plants, venting is a difficult procedure pecause of the
location of the vent valve. Venting may require wearing anticontamina-
tion clothing, entry into moderate radiation areas, considerable climbing
and perscnal discomfort. Operations involving such difficulties are
generally performed only to meet specific requirements or needs rather

than routinely and frequently.

Certain safety systems may be more prone to water hammer under unplanned
(i.e., accident condition) actuation than the reported data indicates.
These systems are often vented prior tec planned periodic testing or
other usage to eliminate voids. An unanticipated start, such as would
occur following a postulated accident, may occur with voids in lines and
result in a water hammer. Current designs do not provide the operator
with information concerning tne existence of voids.

Void-caused water hammers can be greatly reduced or eliminated by the
use of void detection and alarm, keep-full, and modified venting systems.

3.4 Comparison of HPCI to RCIC and AFW Systems

This section compares HPCI (BWR) with RCIC (BWR) and AFW (PWR) systems
to determine causes for the high frequency of water hammer events in the
HPCI system. The RCIC and AFW systems are approximately one-tenth the
size of the HPCI system, but are similiar in the following respects:

a. The system pumps are driven by steam turbines that are normally in
a standby condition.

b. The systems are infrequently used.

3-5
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3.5.2 Operator Training

Most of the reported water hammer events involved plant operators and
maintenance personnel to a varying degree. They frequently write the
plant operating procedures, and ultimately approve them. The operators

start the pumps, open the valves and place systems in operation, test,
and maintain them.

Over 50% of the events occurrea during plant startup and in the twelve
months following commercial operation. This indicates there is a learning
period during which plant personnel and management become familiar with
system operations, change procedures, correct design errors, modify
equipment such as vents and drains, and make fewer errors. To be most
effective, efforts to reduce water hammer events should start before

plant operation and the learning-by-experience period begins.

An investigation of the general causes of operator-involved events
indicates the following:

0 There is often a lack of awareness among plant operators concerning
the water hammer events occurring in a particular system, their causes,
and what the results of those events would be. Discussione with
various plant operators reveal that they know from experience that
water hammers occur, but they have not had specific training as

to why or where they happen, what systems are susceptible, or what
corrective actions are possible.

0 There is a lack of information available to the operators concerning
the existing conditions in the systems before the water hammer
events occur. A review of the 81 BWR and the 40 PWR water hammer
events reported in reference 1 reveals that in only 13 out of the
121 events was applicable instrumentation mentioned as part of the

original design to give warning or as part of the repair effort to
mitigate further events.

0 Equipment malfunctions and maintenance-related failures of components,
such as shutoff valves, steam traps, and check valves, are often
not fully considered by designers and plant operators with respect
to causing water hammer evernts,

Many water hammer events can be eliminated by design changes that provide
the operator with more information (e.q., void detection and improved

steam drain pot level indicators), preclude adverse conditions (e.qg., vacuum
breakers and keep-full systems) and minimize the potential for operator
error (e.g., valve interlocks and operability reqguirements). However,

there are many operations, such as line warmup and verting, that require
operator knowledge of system conditions. Therefore, plant operators,
including personnel responsible for writing maintenance instructions and
supervising of maintenance activities, should receive training in the

causes and prevention of water hammer.

3=9






The forces generated by these loads should be considered in determining
the design basis for the piping, its support system, and other components,
such as valves. The inclusion of these loads in the design basis for
piping is required by NUREG-0737, ASME B&PV Code section 11l and ANST
B31.1 (references 2, 3, and 4).

3.5.7 Operating and Maintenance Procedures

Many of the water hammer events were reported as having been caused by
inadequate operating and maintenance procedures. Additionally, other
events might have been avoided had different procedures been available.
Because required operator actions are controlled by procedures,
adequate operating and maintenance procedures would aid in reducing the
frequency of water hammer events.

Certain good practices that aid in preventing water hammer, such as

gradual line warmup, controlled valve opening, draining, and venting,

are usually covered by procedures. However, discussions wi*h procedure
writers and approvers indicate that the potential for water hammer is
generally not considered in either procedure writing or review. It was

also learned from these discussions that piping drawings, such as isometrics
that show relative piping and component elevations are not used in

writing procedures or work instructions.

Operating and maintenance procedures for systems in which safety-related
water hammers can occur should be reviewed for their effect on water-
hammer occurrence. Additionally, the relative elevations of system
lines and components should be considerad in writing operating and
maintenance procedures. Isometric piping drawings, sufficiently scaled
to shuw relative elevations, are useful in writing procedures and
perforzing maintenance. Such drawings should be available to operating
and maintenance personnel as part of the system procedure package.

3.5.8 Line Sloging

A few events have been caused by the inability to properly vent or drain
3 line due to the location of high and low points. These conditions,
however, are detected early, generally during plant startup. To prevent
such incidents the design of lines should be reviewed for proper slope
and for the location of high and low points in both hot and cold condi-
tions. A similar as-built review of the lines should be performed
during startup and any necessary adjustments or modifications to the
lines and their supports be made. Line isometric drawings should be
updated to reflect as-built conditions.

3-11



4.0 BWR SYSTEM EVALUATIONS

This section contains evaluations of water hammer events in BWR plants
based on events reported in reference 1. Separate evaluations are
provided for each plant system. Each system evaluation is divided into
four parts, as described below.

The first part of each system evaluation describes the components and
operational features of the system germane to water hammer occurrence
and provides a general understanding of the system and its function.

The second part presents an evaluation of the various water hammer

events reported in each system and determinations of the probable causes
of these events. In addition to the information in reference 1, Licensee
Event Reports (LERs), typical system P&IDs, physical drawings, system
descriptions and operating instructions, and the design, licensing and
operating experience of the authors have been utilized in the evaluations
and recommendations. The conclusions reached in this report about the
Causes and types of some of the water hammer events differ from those
presented in reference 1. This is because an event's cause and type
cannot always be determined directly or exactly. Therefore, different

evaluators may draw different conclusions as to the cause or type of
some events.

The safety significance of water hammer in each system is assessed to
provide a perspective of the relative importance of water hammer events
in the system. The assessment ratings of high, moderate, or low are
only relative to water hammer in other systems. They are not ratings of
risk to the public or plant personnel. The evaluations considered the
frequency and severity of events, along with the system's importance to
safety. System safety considerations include system redundancy and the
effects of a system failure on safe reactor shutdown and the integrity
of reactor coolant and containment boundaries. Also considered in
evaluating the safety significance of water hammer were system operability
and testing requirements and ability to inspect the system.

Lastly, recommendations specific to each system evaluated are presented.
These recommendations are not necessarily considered to be of regulatory
concern, but rather, aids in preventing or mitigating water hammers.
Generic recommendations that affect all systems, such as those concerned
with operator training and procedure writing, are presented in section 3.5.
Recommendations deemed significant enough to warrant regulatory review

and possible action and their applicable systems are listed in section 6.3.

4.1 Core Spray System

4.1.1 System Description

The core spray system is an ECCS system designed to remove decay heat
from the core following a postulated design-basis LOCA. The core spray
system, in conjuction with the automatic depressurization system, is

capable of cooling the core independently of any other core cooling
system.
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4.2.1.1.8 Isolation Condenser

The isolation condenser system, which is a design feature included only
in older BWR plants, has been removed from the evaluation of the RHR

system The isolation condenser has different design and operationa
requirements than the RHR system and is not connected to it Therefore,

1

> L

the isolation condenser is discussed separately in section 4

4.2.1.2 System Interfaces

The subsystems interface primarily with each other; however, ihere are
system connections to the reactor vessel, the N555, the feedwater system,
the fuel pool cooling system and to the RCIC system The RHR steam
condensing mode, using the system heat exchangers, interfaces with the
RHR pumped water subsystems. Figure 4-1 shows typical steam and water
interfaces The steam-water interface during all power operation modes
except steam condensing occurs at valves -13 and -6 During the steam
condensing mode the interface is at valve -7/

8.2.2.1 E{gpi_ﬁeview

Table 4-2 summarizes the 23 BWR residual heat removal system water
hammer events reported in reference 1 / have been separated into
two classifications: those that occur in subsystems where water 1S
pumped, and those that occur in steam condensing subsystems

4.2.2.1.1 Pumped Water Subsystems

In the RHR head spray, containment spray, LPCI, fuel-pool cooliing and
shutdown cooling subsystems, 12 of the 16 events involved flow 1nto a

|

line, 2 resulted from steam-bubble collapse, and 2 were from

volded
unknown causes. Eleven of the 12 flow-into-voided-1ine events resul
from poor venting and filling practices

One of the two steam-bubble collapse events was caused by the CoO

f steam that flashed when hot water entered a voided RHR Hx The
event was caused by steam leakage into the water side of the RHR ¢
condensing/suppression pool cooling interface For example, it i
possible for a water hammer to occur on RHR pump start (see figu
when initiating suppression pool ccoling Isolation valve =5 and vent
valve =13 can be leaking steam and bubbles could be formed and entrained
at the junction of the RHR steam condensing and suppression pool cooling
line near valve -7 The line pressurization or introdi ion of subcooled
water into the line due to an RHR pump start could collapse the steam
bubbles and result in a water hammer

Y

1.2 Steam Condensing Subsystems

In the RHR steam condensing subsystem, six of seven events (14, 15
16, 17, 20, 25) involved steam-bubble collapse and one event (49) was

caused by steam-water entrainment The six steam-bubble collapse even
occurred at the Brunswick plants, and were caused by steam leakage

through valves into the RHR Hx inlet piping The steam-bubble collapse

’
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4.2.3 Safety Significance

Assessments of the safety significance of water hammer events in each of
the RHR subsystems are presented below. Each subsystem has been cate-
gorized as having either a high, moderate, or low safety significance.

4.2.3.1 Shutdown Cooling

The safety significance of water hammers in the shutdown cooling mode is
high. There were seven system water hammer events, one of which (33)
caused damage to a pump suction valve, putting the valve out of service.
An alternate suction line was available. The system is safety related.
It is operator initiated, and is used for low pressure reactor decay
heat removal. The system has mutually redundant trains which could be
used in any mode if one of the trains failed to operate or was disabled.
In the shutdown cooling mode, the system is connected to the reactor
coolant boundary and attached to the primary containment. No events
have been severe enough to damage either boundary. The system is
inspected during operation and is tested during surveillance testing.

4.2.3.2 Reactor Vessel Head Spray

Water hammer is of low safety significance in the head spray system.
There has been only one event reported in the system. The subsystem is
nonsafety related. It is operator actuated, and is used only during
plant shutdown at low pressures to condense steam inside the RPV head.
Subsystem failure would result in a slower RPV ccoldown. Inspection can
be done only during plant shutdown. The single head spray subsystem
event (45) caused a crack in the piping, disabling the subsystem.

4.2.3.3 Containment Spray

The safety significance of water hammer events in containment spray
systems is moderate. There were four containment spray system water
hammer events (37, 47, 48, 73) reported. One event, 73, disabled one of
the two subsystems, leaving one operable. The system is nonsafety-
related in some BWR plants, and safety-related in others. It is operator
initiated and used as a backup to pressure suppression in a pressure-
suppression type of containment. In dry containments it is used to
reduce postaccident pressures. If the system is safety-related, there
are two redundant containment spray subsystems, either of which can
accomplish the system objective. The systems can only be inspected
during reactor shutdown, and are tested during surveillance testing.

4.2.3.4 Low Pressure Coolant Injection

The safety significance of water hammer in LPCI systems is low. The

only reported event (52) ccused pipe and support movement and header
damage; however, the system remained operable. The system is safety-
related and is automatically actuated as part of the ECCS. There are
three separate LPCI subsystems, two of which can accomplish the system
objective. Failure of one subsystem due to a water hammer would cause
loss of system redundancy but still permit system function. The system

is connected to the reactor coolant boundary. The system can be inspected
during operation, and is tested during surveillance testing.

4-9
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The vent system should either be automatic, remotely operated or

designed and located in a manner to maximize the ease of line
venting

monitoring and alarm system should be provided to detect voids.

A thorough design review should be made to ident ‘y all portions of
piping in which voids or steam bubbles can form under any operating
or standby condition. The operating conditions reviewed should
include valve alignments that might occur during maintenance or
through operator error.

wWhere compatible with the system design, provide slow-closing and

-opening flow regulating valves in manually started pumped water

systems, instead of gate valves, for throttling service.
Operational

>

|

he system should be considered inoperable when voids are present
in the piping The system will stil]l be available for emergency

Pl J y ( 3
Voiding should be corrected immediately.

a leak-reduction maintenance program for valves in the
lines of the LPCI, containment spray and head spray
il1ling and venting procedures should be used following
ice outages that empty portions of the piping.
time the system is to be maintained or aligned in a manner not
vered by existing procedures, an evaluation of water hammer

tential and venting requirements should be made

lation

{:L,'t:féﬂ*;t“

System
S

4 3.1 Syst Descriptior

The is tion condenser system removes decay heat from the reactor core
when the main condenser 1s not available The isolation condenser,

ocated outside containment, consists of two tube bundles immersed in a
large water tank Make-up water is available from the condensate storage
tank or station firemain storage tanks, and is pumped by either condensate

transftey r fire pump

The isolation condenser system is included only in the earlier BWR
nt, and a few of the first pressure
nment desians Plants using isolation condensers are

igned o nstructed

1n operat 1. Steam flows from the
condense After condensing 1t returns
lation condenser is located high 1r
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Operational Phase

Check cold-to-hot movements of plant components, particularly
piping and supports Adjust supports as needed to reduce vibrati
aind eliminate low spots in drain lines

Procedures should be reviewed with respect to isolat

peration and high water levels

h-Pressure Coolant Injection System

o

ystem Description
system consists of a steam-turbine-driven pump along witl
1ate piping, valves, and conirols, and is part of the ECCS
igned to remove heat from the reactor following a postulated
of-coolant accident (LOCA) which does not rapidly depre rize the
The HPCI system operates until the reactor pressure below
ure at which either the low pressure coolant injection systems
or the core spray systems can maintain core cooling. If HPCI is

lable, the auto depressurization system, in conjunction with core

or LPCI, can provide the required core cooling

1 Steam Turbine and Steam Lines

drawn from upstream of the main steam line isolation valves,

the HPCI turbine. The two isolation valves in the steam line t
turbine are normally open to keep piping to the turbine at

ed temperatures and to permit rapid startup of the HPCI system

e HPCI system supply line from filling with water,
pot 1s provided upstream of the HPCI turbine stop val
normally routes condensate to the main condenser thro
The drain pot contains a level switch A drair
3 bypass line to reduce the drain pot level

steam from the HPCI turbine is discharged to the suppression
The t line contains check valves to prevent back
m the suppression pool A drain pot at the low po
line collects condensate which is discharged to a
er or the suppression pool

urbine exhaust

and & plants, the steam-turbine-driven HPCI system has been

»d with an electric-motor-driven high-pressure core spray system
iter hammer incidents associated with steam lines can not o Y

]

aind Pump f:3cﬁaqu Lines

ystem pumps water from either the condensate st

lignment) or the suppression pool to a feedwater

A minimum flow bypass to the suppression

POC
10N A system test line recirculates the
storage tank during system testing




The pump discharge line is provided with a vent system consisting of
manually operated valves that vent the discharge line high points. Some
of the HPCI systems are provided with a keep-full system that generally
consists of a continuously running low-flow jockey pump that supplies
water to the pump discharge line to ccmpensate for line leakage.

4.4.2 Water Hammer Evaluation

4.4.2.1 Event Review

Table 4-4 presents a summary of HPCI system water hammer events reported
in reference 1. The cause listed for most events (12 of 20) is steam-
water entrainment. The other events were caused by steam-bubble collapse
(four), flow into voided line (three), and unknown (one). When using
these data for cause evaluation, it should be ncted that water hammer

was actually observed in only 10 out of 19 cases. The previous occur=
rence of water hammer was surmised for the other events on the basis of
observed damage.

4.4.2.2 Water Hammer Causes

4.4.2.2.1 HPCI Turbine Steam Supply Line

During normal reactor operation, both the inboard and outboard isolation
vaives are kept open to maintain steam in the line up to the closed stop
valve at the turbine. The drain pot located upstream of the turbine
stop valve routes condensed steam to the main condenser through the
outlet steam trap. When a high drain pot level occurs, the steam trap
bypass valve is automatically opened by a level switch. During HPCI
turbine operation, the drain pot valve remains closed.

The drain pot can fail to drain through the outlet steam trap because of
plugging of the steam trap orifice. If the drain pot high level switch
fails to open the steam trap bypass valve, water will accumulate in the
drain pot and steam line. Under these conditions, initiation of steam
flow can cause a steam-water entrainment water hammer. During normal
HPCI standby conditions, the drain pot will be nearly empty. The level
switch and bypass valve are rarely cycled. Such infrequent usage is
conducive to the level switch or valve sticking. If the level switch is
inoperative, a high water level can occur in the drain pot without any
indication to the operator. Events 9, 10, 12, 66, and 67 were caused by
Tevel switch malfunction.

There are no provisions for draining the steam line upstream of the
outboard isolation valve. Therefore, if an isolation valve is closed,
water will accumulate in the line upstream of the valve. Normally, the
outboard valve is opened; then the inboard isolation valve is opened
slowly for gradual admission of steam. The outboard isolation valve has
a seal-in feature that causes the valve to open or close fully; thus the
valve cannot be opened gradually. When the outboard valve is opened,
with the inboard valve fully open, the steam flow rate builds up rapidly.
Entrained liquid in the line flows rapidly through the line and is
suddenly stopped at the first obstacle (the turbine stop valve) and
large water hammer forces are generated capable of causing significant
damage. Events 8, 30, 40, and 50 were caused by isolation valve operation.

4-15









4.4.4.1.1 Pump Discharge Line

All high pressure coolant injection systems should be provided with
a keep-full system, preferably a continuously operating jockey
pump. For most plants this feature is already provided

A vent system should be provided that vents all portions of the
PI1ping between the pump discharge and isolation valve at the con-
nection with the feedwater piping. A1l venting should be at the
line high points. Any portion of Ppiping that is isolated from the
system high point by a valve should have a separate vent point.

The vent system should either be automatic, remotely operated. or
designed and located for easy access and manual operation.

A monitoring and alarm system should be incorporated to detect
system leakage and void formation.

The system should be considered inoperable when voids are present
in the piping. The system will still be available for emergency
use Voiding should be corrected immediately

>team Supply Line

The seal-in feature should be removed from the isolation valve
opening circuit logic when the valve is in the manual mode

The technical specifications should prohibit opening the inboard
isolation valve unless the outboard isolation valve is fully open,
and closing the outboard valve when the inboard valve is open

'hese provisions should apply for all conditions except cold shutdown
Interlocks may also be provided to ensure proper valve opening and
closing sequences.

>uitable provisions should be made to allow arain pot level switch
maintenance during normal plant operation

The adequacy of drain pot sizing should be reviewed It may be
advisable to increase the size of the drain pot or place additional

drain pots in paralle]

Steam Exhaust Line

vacuum breakers should be incorporated both on the upstream and
downstream sides of the exhaust line stop/check valves The design
should not violate containment 1solation requirements

It is desirable to install a condensing sparger at the end of the
exhaust line in the suppression pool to reduce noise and vibratior

i

4.4.4.1.4 HPCI Turbine Gland Seal Condenser Steam Inlet

'

The gland seal leak-off drain pot should be sized adequately and should

be designed for ease of maintena during normal plant operatio




d be reviewed for proper warmup of the steam
vide adequate drainage of steam condensatior

be lTeak tested at every refueling outage When
e leakage is deemed to be large with respect
ystem capacity, repairs should be made.

and steam trap bypass valve should be

y Y

stem i1s to be maintained or aligned in
overed b sting procedures, an evaluation of potential water

hammer C itions and venting requirements should be performed

Isolation Cooling System

RCIC) provides makeup water
el is isolated from t mait
]

cooling system (

when the reactor vess

there 1s a loss of feedwater f

and depressurize the plant to the point where
)f the residual heat removal (RHR) system c

n the RCIC system is incapable of supp

g, the emergency core cooling systems

ilable to provide the required reactor cool

n

OW. The

lyinc

stem consists of a steam-turbine-driven pump unit, assoc
ping capable of delivering makeup water to the reactor
e steam is supplied to the turbine from a point upstream
team line isolation valves. The pump is normally aligned
ate storage tank but can take suction from the residual
tem heat exchangers or the suppression pool The pump d
3 feedwater line outside containment on earlier mode]
the reactor head spray line on later model plants
line is provided with venting provisions consistin
ed valves that vent the discharge line high points

D1
3

test 1ine to the condensate storage tank and a minimum-f]
suppression pool are also provided. The minimum flow va

11

on a low flow signal and automatically closes
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ine to the RCIC system turb
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system To prevent the st
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.5.4 Recommendations for Prevention or Mitigation

4.5.4.1 [_J_(».js@”n__Pti)_p

4.5.4.1.1 Stea Line

For relieving vacuum conditions in the turbine exhaust line, vacuum
breakers should be incorporated on the downstream side of the exhaust
l1ine check valve.

4.5.4.1.2 Water Line
The reactor core i1solation cooling system pump discharge side
should be provided with a keep-full system, preferably a continu-
ously operating jockey pump.

To simulate normal operational discharge head and flow conditions
during testing, a restricting orifice should be installed on the
full-flow test return line to the condensate storage tank.

Adequate provisions should be made for venting all portions of the
piping between the pump discharge and connection with feedwater
piping A1l venting should be at the T1ine high point. Any portion
of piping that is isolated from the system high point by a valve
shall have a separate vent point

Operational Phase

The RCIC pump should not be started with the test return valve to
condensate storage tank fully open Because a minimum flow line
has been provided, there is no danger of overheating if the pump 1is
started against a closed discharge valve

Any time the system is to be maintained or aligned in a manner not
covered by existing procedures, an evaluation of potential water
hammer conditions and venting requirements should be performed

BWR Main Steam System

6.1 System _I:‘("\( ription

The main steam system supplies steam from the reactor vessel
turbine-generator system The system consists of mair team
safety-relief valves (SRVs), main steam line flow restrict«
op valves and main steam isolation valves The steam
bypasses flow to the condenser to control steam pre u
rejections, reactor heatup, turbine start-up and reactor

wWater Hammer Evaluatiol

tvent Review

lists the six BWR main steam
’7”‘),. transient event occurred

the SRV discharge
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BWR Feedwater System

4.7.1 System Description
Al V IPLION

The major components of the feedwater system are feedwater pumj
water regulating valves, and high-pressure heaters Condensate
pumped from the low pressure heaters by the feedwater pump: t
reactor vessel The feedwater flow passes through the feedwater
regulating valves which automatically control the reactor water
About 50% of the plants use turbine-driven feed pumps with
control for feedwater flow control During startup, the

valves are utilized to control feedwater flow rate At a
typically about 20% percent of full flow rate, the contro

to the feedwater regulating valves and the low-flow bypas
closed Feedwater leaving the valves at a controlled rate entier
final stages of the heating ‘ycle (high-pressure heaters)

the reactor vessel

Water Hammer Evaluation

4.7.2.1 Event Review

The three unanticipated BWR feedwater system water hammer

in reference 1 are summarized in table 4-7 In events 71

hammer was triggered by feedwater regulating valve instabiij

inadequate operator and controller design and possibly incorrect valve
trim and/or inadequate inspection and maintenance procedures | thougt
damage was fairly extensive in both plants, plant safety was no
affected In event 35, water hammer was triggered by the feedwater
regulating valve closure due to malfunction of the control sy
Damage was also fairly extensive in this event, but the feedwater
was not damaged nor was plant safety affected It is noted that
plants using turbine speed control for feedwater flow control have
not reported water hammers

stem

In addition to the three water hammer events, seven vibratory,

hammer events were reported in reference | Six of the event

feedwater regulating valve instability and the seventh event involv
feedwater reqgulating valve damage The combination of water hammer
vibratory events indicates there have been twe main problems with t

feedwater requlating valves The most recent feedwater regulating

4

event (71) of either type occurred in January 1976

4.7.2.2 Water Hammer Causes
A1l of the water hammer and vibratory events occurred after the
commercial operation A possible cause of the feedwater reqguliating
valve instability and malfunctions i1s valve operator and contr
deterioration due the older

or and controller may have been i1nadequate

had experienced excessive control system hunting and continuc

L

0 excessive cycling Additionally,

t
L
4+
L

of the valve opera

for many vear
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p periodi« ispect

ensure good performance o the reqgulating al operator and controller

cedures to

1}}.4'1,1’: nal 'nase

lhe feedwater regulating v s should undergo operability checks

when [ ( n service | operator testing should be performed
inder al conditions t trate

ncluding those from spuriou >1ana use water hammery

feedwater reqgulating | r and controller should be

odically inspected an te ( isure that they are 1n good

W \g condition Appropriat )air or replacement should be

made required

ime the system is to be maintained or aligned in a manner not
ed by existing procedures, an evaluation of water hammer

t1al and venting requirements should be made

r Water Cleanup tem

y
-

ten

r water cleanup system (RWCU) removes various impurities from
r water and provides a means for water removal from the primary

tartup, shut or refueling

from the reactor circulation pump suction line and the
through regenerative and nonregenerative heat

led, and then through the filter-demineralizey
nues through the shell side of the regenerative
heated before returning to the reactor through

)g times of increasing water volume, exces:
reactor by blowdown through the cleanup system

the radwaste

H,ﬂnn‘,‘. Y

summarizes t ly RWCU water hammer event reported in refer-
should be noted that water hammer was not actually observed
The previous occurrence of water hammer was surmised on
servea damage
tandby perio , reduced water temperatures ¢
vsten yJubsequent rapid open)
create ¢ \to-voided-1ine water hammer
lamage the piping and adjacent component

enanri

1nadequate
resulted f




4.8.3 Safety Significance

The safety significance of water hammer in RWCU systems is low. Only
one event has occurred in RWCU systems and the systems have no safety
function However, the system is connected to reactor coolant pressure
boundary and the reported event occurred in this part of the system.

4.8.4 RPCgmmgQﬁgt1gys for Preventiun_ov Mi}?ﬁituyr

4.8.4.1 Design Phase

The isolation valve and its contrcller should be designed to permit
gradual valve opening.

4.8.4.2 Operational Phase

While initiating the reactor water cleanup system, the isolation
valves should be opened gradually, to avoid a sudden surge of water
f‘!()w

Valves should be leak-tested periodicallv. When projected val
leakage is deemed to be large, repairs should be made

when the system is to be maintained or aligned in a manner not
covered by existing procedures, an evaluation of potential water
hammer conditions and venting requirements should be performed

B‘NR “‘t“,(_”!f','} ser System

tem Uvsuvuﬁ‘nw

The main condenser is the steam cycle heat sink During normal operation,
1t receives and condenses main turbine exhaust steam, feedwater pump
turbine exhaust steam, and turbine bypass steam The main condenser is
also a collection point for other steam cycle miscellaneous flow
drains, and vents Hotwell level controls provide automati¢ makeup or
rejection of condensate to maintain a normal level in the condenser
wells The noncondensable gases contained in the turbine exhaust

collected in the condenser and removed b e Co 1ISer air rem

system I'he condensate pumps take suctio yndenser hot

p
and pump water through the trains of heater: ( e feedwater

4.9.2 Water Hammer Evaluation

Three events were reported in reference 1 in t BWR condenser
They are summarized i1n table 4-9 Iwo out \ three events

and 76) occurred in the circulating water 1i 0 the condenser

was the first of two similar events, caused by inadvertent butterf
valve closure in the circulating water line during maintenance wor
a result, a rubber expansion joint in the condenser water box rupt
q the RHR

pumps and motors and other equipment Event 76 wa

two similar event , again caused by 1nadvertent va

maintenance work

flooding the condensate pump room and aamagine
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valve during a prolonged standby period. On subsequent pump start with
the system partially drained, water hammer can result, as may have
happened in event 46

[he cooling water l1ine to the RHR service water pump motor cooler is
tapped off the pump discharge header. The water flows through the motor
cooling-water jacket to a floor drain. Manually operated isolation
valves, located before and after the cooling-water jacket, are opened
after pump start and closed after pump stop. If the operator forgets to
close these valves after pump stop, the discharge side will start draining
On a subsequent pump start, severe water hammer can result Event 46

may have been caused by this scenario. Similar incidents are not expected
to occur in plants where these valves close automatically following pump
shut off

4.10.2.2.2 Water Column Separation

Pressure transients propagated through a liquid system by sudden changes
in valve position or pump failure can cause void formation if the pressure
drops below the liquid vapor pressure If the voids form over a con-
siderable fraction of the pipe cross-section, the phenomenon is called
column separation. Subsequent pump start or valve opening causes the
water slug to accelerate through the void, then stop suddenly upon

contact with the downstream water column. The resulting water hammer

can cause severe damage. Events 68 and 72 may have been caused by water
column separation.

10.3 Safety Significance

The safety significance of water hammer in BWR cooling water systems is
high. Nine events were reported, several of which damaged system com-
ponents. Safety-related cooling-water systems provide cooling water to
many safety-related systems Loss of cooling water, therefore, can
disable trains of many systems. The safety-related cooling water systems
have redundant trains. However, they often share common headers. The
systems are tested regularily and can be inspected during plant operation

4.10.4 Recommendations for Prevention or Mitigation

1

4.1 Desiﬂn Phase

A design review should be performed to identify all portions of
piping in which voids or column separation can occur under any
operating or standby condition, including pump trip and valve
alignments that might occur during maintenance or through operating
error

A fill system should be incorporated to prevent void formation
during standby on the pump discharge side unless it can be shown
that either voids cannot form in the system or that the system can
be safely started with voids present. Vacuum breakers may be
desirable in systems in which startup with voiding is deemed accept-
able or to minimize the effects of column separation.




e Manually operated isolation valves for cooling the RHR service
water pump motor should be replaced by automatic valves that open
on pump start and close following pump shut-off.

d. A monitoring and alarm system should be incorporated to detect
system leakage and void formation.

e. A vent system should be provided that vents all portions of the
piping. A1l venting should be at the line high points. Any portion
that is isolated from the system high point by a valve should have
a separate vent point.

- The vent system should either be automatic, remotely operated or
designed and located for easy access and manual operation.

4.10.4.2 Operational Phase

a. Valves should be leak-tested periodically. When projected valve
leakage is deemed to be large with respect to the keep-full system
capacity, repairs should be made.

b. Standby pumps should preferably be started either using a low-flow
bypass line or against a closed discharge valve, and then the
discharge valve should be gradually opened.

c. Any time the system is to be maintained or aligned in a manner not
covered by existing procedures, an evaluation of potential water
hammer conditicens and venting requirements should be performed.

4.11 BWR Plant Process Steam System

4.11.1 System Description

The plant process steam system supplies steam to various parts of the
plant for heating purposes.

4.11.2 Water Hammer Evaluation

One water hammer event (1) occurred in the BWR plant process steam
system, as summarized in table 4-11. Event 1 was reported as a steam-
bubble-collapse type water hammer in reference 1 and was caused by a
marginal design and a procedural deficiency. The design allowed RCS
water to backflow into the plant heating system external to the contain-
ment, causing a water hammer in the steam supply line from the heating
boiler. Operating procedures were either inadequate or not followed in
lining up the valves.

4.11.3 Safety Significance

The safety significance of water hammers in the plant process steam
system is low. The plant process steam is not safety-related. The
protability of damaging the safety-related systems due to a process
steam pipe break is very low. The only reported water hammer event in
the plant process steam system was plant specific and caused no apparent
physical damage.

4-31



4.11.4 Recommendations for Prevention or Mitigation

Event 1 occurred about 15 years after the start of commercial operation.
This impliec that the water hammer was a rare event which was probably
caused by operating error. This event is plant-specific, in that the
plant process steam system is connected to the RCS in this plant. The
water hammer in the steam supply line from the heating boiler caused no
apparent physical damage. Furthermore, the plant boiler system is not
safety-related. For these reasons, consideration of preventive measures
is not necessary for the BWR process steam system.
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NOTE 1: No water hammer was actually

witnessed.

The occurrence

of a water hammer was reported
based upon observed damage.

Table 4.2  WATER HAMMER EVENTS IN BWR RESIDUAL HEAT REMOVAL SYSTEM (RMR)
3 T COM.OP. | EVENT OPERATING |WATER WAMMER | MECHANICAL | INTTTAL TNDTCATION/
t::(t)'.‘7 ;t:'l.ﬁl,l DATE DATE MODE TYPE FUNCT 10N DAMAGE CAUSE AND EVENT BASIS COMMENTS j}
45 Hatch-1 12/31/75 | 12/15/74 Shut Gown Flow into Pump Start | Observed leak in Operator error. Head spray mode. :
GE-4 Cooling Voided Line Valve head spray line, Procedural deficiency. Improper venting. |
Opening Design. I
|
4
47 FitzPatrick| 7/28/75 | 3/21/7% Cold Flow into Pump Start | Damage found during RHR shutdown cooling Containment spray
GE-4 Shutdown Voided Line Valve inspection, Pipe operation with d’sc mode. Prior to
Opening restraints and piping not water filled. |keep fyll system.
snubber damaged.
48 FitzPatrick| 7/28/75 5/24/715 | Cold Probable Flow | Pump Start | Pipe movement report Unknown Containment spray
GE-4 Shutdown into Voided Valve Pipe restraints and mode. Prior to keep
Line Opening snubber damaged. full system.
Repeat of 47
Note 1.
73 Quaa 2/18/13 4/3/72 Shutdown Flow into Pump Start | Water hammer noted. Occurred during RHR Containment spray
Cities-1 Voided Line Valve Pipe restraints and system testing. mode., One system
GE-3 Opening hangers damaged. out of service.
T
37 Dresden-3 |11/16/71 | 10/5/79 | 69% Power |Flow into Valve Damage found during Probable water hammer Containment spray
GE-3 Voided Line Opening inspection. Support prior to mode. Note 1.
bolts and spring installation.
hanger damage.
52 Millstone-1| 3/71 6/12/72 | Unknown Flow i1nto Pump Start | Damage found during Inadequate operating LPCI Mode. Note 1.
GE-3 Voided Line Valve investigation. procedures. Keep full
Opening Severe pipe movement. | system not in service.
Header damaged.
41 Duane 2/1/1% 1/31/77 | 83% Power. |Flow into Pump Start | Damage found during Inadequate operating Fuel pool cooling
Arnold System Voided Line Valve inspection. Pipe instructions, test mode. Test procedures
GE-4 Test. Opening restraints into procedures & installation.|changed to require
hangers damaged. Improper venting before venting before test.
Piping overstressed. manual initiation. Note 1.
|
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Table 4-3

WATER HAMMER EVENTS IN THE ISOLATION CONDENSER SYSTEM (BWR)

EVENT PLANT/ COM.0P. EVENT OPERATING | WATER HAMMER | MECHANTCAL | INTYTAL TNOITATTON/
NO. DESIGN DATE DATE MODE TYPE FUNCTION DAMAGE CAUSE AND EVENT BASIS COMMENTS
WS
54 Millstone-1| 3/71 2/12/76 1002 Power | Steam Bubble | Genmerator | Ruptured condenser Inadequate failure mode System is prone to
GE-3 Collapse or Trip, tube caused radiation | alarm and detection water hammers
Steam Water Turbine leak. Reactor hioh | gyctem, Procedural caused by high
Fntrainment Trip water level caused deficiencies. Poor reactor water level.
sluas of water to operator response. Feed- | System design
enter Hx and cause water valve lockup and sensitive to steam
internal damane. MSIV opening caused water | bubble collapse and
Tube ruoture was level surge over steam steam water
attributed to inlet. entrainment.
corrosion rather than
water hammer.
55 Millstone.l| 3/71 3/11/78 Plant Shut-| Steam Water Steam Observed movement of | Procedural Deficiency. A | Comments same as
GE-3 down . Entrainment Supply steam supply lines. reactor vessel water level| Event 54.
Isolation Line Valve increase allowed carry Snubbers were added
Condenser Opening over into steam supply to steam line.
in Service Tine.
57 Millstone-1| 3/71 12/19/79 |Plant Shut-| Steam Water Steam Observed movement in | Reactor water level had Comments same as
GE-3 down. Entrainment Supply piping. No damage. been maximized based on Event 54, Water
Isolation Line Valve TMI experience which had leve! instruction
Condenser Opening allowed water to enter revised.
in Service steam supply line.
61 Nine Mile 12/69 10/12/69 | Power Steam Water Steam Line | Observed water Inadequate design. No Added drain points.
Point -1 Testing Entrainment Valve hammer . Damage provision for venting Changed valve and
GE-2 Opening unknown. or draining piping. No control design.
pitch in piping. Too No more water hammer
fast heatup when valves events since
opened. commercial ooeration
12 vears aqo.
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Table 4-4 (Continued) WATER HAMMER EVENTS IN BWR HIGH PRESSURE COOLANT INJECTION SYSTEM
[EVENT PLANT/ | COM.OP. | EVENT OPERATING |WATER HAMMER | MECHANTCAL | INTTTAL TNOTCATIONT
NO. DESIGN DATE DATE MODE TYPE FUNCTION DAMAGE CAUSE AND EVENT BASIS COMMENTS
10 Browns 8/1/74 1/29/80 [Shutdown Steam-Water Valve Broken instrument 0ssibly caused by an vents 9 and 10 might
Ferry-1 Entrainment Orening sensing line hangers. served water hammer in ve been caused by the
GE-4 the steam supply line ame incident but the
ile warming the HP(] onsequences were
ystem from an out-of- served at different
ervice condition. imes. Note 1.
team supply line
incident,
11 Browns 3/1/75 B8/11/74 |5% Power Possible valve Automatic isolation of sible water in turbine KHater hammer caused by
Ferry-2 Steam-Water Opening HPCI system. xhaust line when steam ipment failyre due to
GE-4 Entrainment Turbine exhaust s admitted. Exhaust intenance error.
rupture disc ain line solenoid burned Note 1.
relieved. due to wiring error on Kteam exhaust line
nstallation. Defertive [fincident.
tching element inside
level switch deactivated
ain valve.
12 | Browns 3/1/75 | 2/16/80 |Shutdown Possible Valve Cracks in turbine ign and operational te 1
Ferry-2 Steam-Water Opening coupling bearing ficiency possibly water Steam supply line
GE-4 Entrainment support pedestal, r during HPCl system jincident,
rm up from out-of-
ice condition.
13 Browns /N 1/26/77 |100% Power | Unknown Pump Restraints on the pump Unknown te 1
Ferry-3 Start discharge line and Pumn discharge side
GE-4 loose bolts and broken Aincident.
anchors.
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Table 4-4 (Continued) WATER HAMMER EVENTS IN BWR HIGH PRESSURE COOLANT INJECTION SYSTEM
[EvenT PLANT/ ]con.ov. EVENT OPERATING |WATER HAMMER | MECHANICAL [ INITTAL TNOTCATTON/ =
{ NO. DESIGN DATE DATE MOOE TYPE FUNCTION DAMAGE CAUSE AND EVENT BASIS COMMENTS
S 'S, —. | S -
‘[ 30 Dresden-2 6/9/70 5/29/10 Power Steam-Water Valve Water hammer damage to | Desiqn and procedural Comment for Event 8
| GE-3 Testing Entrainment Opening piping. deficiency. applies.
‘ Steam supply line
| incident.
|
{40 Ouane 2/1/75 6/11/74 30% Power |Steam-Water Valve Normally open outboard | Design and procedural Comment for Event 8
' Arnold Entrainment Opening steam sunply isolation | deficiency; operator aonlies.
| GE-4 valve was indicating error; movement and Mm:d Steam suoply line
closed; damage to pipe | of water slug from steam | incident.
insulation, pipe condensation occurred in
hangar, seismic the steam supoly line
snubbers, pressure when the outboard isola-
indicator and steam tion valve was opened
line drain pot while the inboard isola-
indicator. tion valve was full open.
}
I 60 Monticello |6/30/71 | 7/17/72 Sur- Possible Turbine Turbine trip. Inadeouate component and | Equipment failure
! GE-3 veillance |Steam Bubble |[Exhaust Failed check valve subsystem design. leading to water
Testing Collapse Stop Check |pin caused line hammer .
Yalve blockage; steam Note 1.
;. Operation issuing from relieved Steam exhaust )ine
| exhaust line rupture incident.
discs impinqged on
adjacent temperature
switches rendering
them inoperable.
|
|
; 66 Peach 12/23/74 | 2/14/175 1002 Steam-Water Valve Movement of steam Inoperative component and | Equioment failure
l 8ottom-3 Fower Entrainment Opening supply line. administrative deficiency.| leading to water hammer.
‘ GE-4 (Steam- Failure of steam trao to | Steam suoply line
| Line) drain proper'y and drain | incident.
| pot level switch to trio
| on high level.
|
! ‘
! i
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Table 4-5

WATER HAMMER EVENTS IN BWR REACTOR CORE ISOLATION COOLINC SYSTEM

PLAN COM.0P. EVENT OPERATING [WATER HAMMER | ME [INTTTAC INOTCATTON
E;(E)N DkSX(]‘;l{I DATE DATE MODE TYPE FUNCT ION DAMAGE CAUSE AND EVENT BASIS COMMENTS
59 Monticello | 6/30/71 1971 Unavailable | Steam Watar Unavailable | Water Hammer Inadequate design Steam exhaust line
GE-3 Entrainment incident.
Provide vacuum breakers
on turbine exhaust
line.
7 Quad 2/18/73 | 10/29/76 94% Power | Pump Valve Pump failed to develod Faulty operational pro- Pump cavitation
Cities-1 Cavitation Opening required head and floW cedure and mechanical incident. Revise pump
GE-3 (Not a water Two of five pump design. Pump startup start procedure
hammer staages were severely | with test return valve to
problem) damaged. condensate storage tank

open.
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NOTE 1:

No water hawmer was actually
witnessed.
of a water hamer was reported

The occurrence

- { T A
Table 4-6 (Continued) WATER HAMMER EVENTS IN BWR MAIN STEAM SYSTEM based upon observed damage.
[Ev[u ]T PLANT/ COM. OP. | EVENT OPERATING | WATER HAMMEP MECHANICAL I INITIAL INDICATION/
| NO. | DESIGN CATE DATE MODE TYPE FUNCTION DAMAGE CAUSE AND EVENT BASIS COMMENTS
{ |
65 . Peach 12/23/74| 10/15/74 |Power Steam hamme: Bypass Damage to piping vValve maintenance deficiency Note 1.
{ Bottom-3 escalation valves system observed. {improper EHC calibration). | Deveiop inspection and |
GE-4 testing cycling Snulbers on piping Out-of-calibration calibration procedures
between bypass acceleration amplifiers in | to detect out-of-
i valves and main the electro hydraulic calibration valve
condenser damaged. controls system caused control and make
valve cycling. necessary corrections
3s required.
(1) Pilgrim-1 12/72 7/28/72 Power Steam hammer Startup test| Damage to piping Inadequate piping support Note 1.
GE-3 escalation program system observed, design (failure to consider | Piping support design
testing involving Pipe hanger torn from|cumulative concurrent should include
repeated support on one main {loading). The additional loading due to dynamic
closure of steam line. Bent dynamic loading induced by | force generated by
turbine stop| hangers on three valve closure acted con- rapid valve closure.
valve and other main steam currently with existing
control 1ines downstream of |loads to overstress a pipe
valve MSIV near second support.

elbow.
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Teble 4-8

WATER HAMMER EVENTS IN BWR REACTOR WATER CLEANUP SYSTEM

NOTE 1:

witnessed.

No water hamner was actually
The occurrence

of a water hammer was reported

based upon cbserved damage.

pipe between first
isolation valve and
containment
penetration.

T Tcom 0P, | EVENT [ OPERATING |WATER WAMMER | MECHANICAL | INITTAL INDICATION/
| gtg';l{« c?lAYE DATE MUOE TYPE FUNCTION DAMAGE CAUSE AND EVENT BASIS COMMENTS
P P ibl ration or
Dresden-3 11716/71| 4/2/80 Refuelin Unknown valve Fully retracted ossible operatic Note 1
GE-3 . L Opening/ mechanical snubber. material deficiency. After nine years of
! Closing Crack in affected operation only one

event was observed.
Crack in the
affected pipe did
not cause any leak.
Ultrasonic cest
detected the crack.
Radiographic test
did not confirm
this indication.
This suggests that
the crack may be
parallel to the
surface.
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NOTE 1:
witnessed.

No water hammer was actually
The occurrence

of a water hammer was reported

Tabel 4-10  WATER MAMMER EVENTS IN BWR COOLING WATER SYSTEM based upon observed damage.
EVENT PLANT/ COoM.0P. EVENT OPERATING | WATER HAMMER | INTTTAL INDTCATION/
NO. DESIGN DATE DATE MODE TYPE FUNCTION DAMAGE CAUSE AND EVENT BASIS COMMENTS
3 Browns 8/1/74 |5/6/73 Unavailable| Possible flowq Pump start | Failure of orifice Design and procedural Note 1
ferry-1 into-voided- gasket. deficiencies. Voids Improve surveillance
GE-4 line. form due to line leakaqge | or add void alarm
Non-essential and dissolved gases System.
water system. collect at high points
during standby periods.
On pump sta.t the water
compresses these gases or
forces them into solution
such that the water inter
faces come in contact
causing damaging water
hammer .
P
4 Browns 8/1/74 15/10/73 Unavailable| Possible flowq Pump start | Failure of pipe See Event 3 Note 1
Ferry-1 into-voided- coupling. See Event 3
GE-4 line.
RHR service
water system.
5 Browns B/1/74 |5/23/73 Unavailable| Possible flowq Pump start | Failure of pipe See Event 3 Note 1
Ferry-1 into-voided- coupling. See Event 3
GE-4 line.
RHR service
water system.
6 Browns 8/1/74 |6/2/73 Unavailable| Possible flow{ Pump start | Failure of pipe See Event 3 Note 1
Ferry-1 into-voided- coupling. See Event 3
GE-4 line.
RHR service
water system.
28 Brunswick-2 | 11/3/75 | 4/12/80 lero Power | Unknown Valve Partially buckled HX Procedural deficiency. Note 1
GE-4 RHR service Opening/ rib plate. Operating nrocedures
water system. | Closing should be revised
l to reouire venting.
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NOTE 1:

No water hammer was actually
witnessed. The occurrence

of a water hamwmer was reported

based upon observed damage.

Table 4-11 WATER HAMMER EVENTS IN BWR PLANT PROCESS STEAM SYSTEM
hvun [ PLANT/ COM. OP. | EVENT OPERATING | WATER HAMMER MECHANICAL | INITIAL INDICATION/
{ NO. | DESIGN DATE DATE MOCE TYPE FUNCTION DAMAGE CAUSE AND EVENT BASIS COMMENTS
|
{1 Big Rock 3/29/63 [ 10/31/77 |Unavailable | Steam bubble Plant Water hammer Marginal design concepts Plant specific Event.
Pgint ccllapse heating occurrence. No and procedureal deficiency.
GE-2 boiler, apparent physical During manual valving
valve damage. Event operations RCS water back-
opening. resulted in a minor, | flowed into the plant

uncontrolled release
of radiocactive water
to discharge canal.

heating system external to
the containment causing a
water hammer in the steam
supply line from the
heating boiler. Operating
procedures were not
followed in the valve

line up.




5.0 PWR SYSTEM EVALUATIONS

This section contains evaluations of water hammer events in PWR plants
based on events reported in reference 1. Separate evaluations are
provided for each system. Each system evaluation is divided into four
parts, as described below.

The first part of each system evaluation describes the components and
operational features of the system germane to water hammer occurrence
and provides a general understanding of the system and its function.

The second part presents an evaluation of the various water hammer

events reported in each system and determinations of the probable causes
of these events. In addition to the information contained in reference
Licensee Event Reports (LERs), typical P&IDs, physical drawings, system
descriptions, operating instructions, and the design, licensing and
operating experience of the authors have been utiliz d in the evaluations
and recommendations. The conclusions reached in thi report about the
causes and types of water hammers differ from those presented in refer-
ence 1. This is because an event's cause and type cannot always be
determined directly or exactly. Therefore, different evaluators may

draw different conclusions as to the cause or type of some events.

The safety significance of water hammer in each system is assessed to
provide a perspective of the relative importance of water hammer in the
system. The assessment ratings of high, moderate, or low are only
relative to water hammers in other systems. They are not ratings of
risk to the public or plant personnel. The evaluations considered the
frequency and severity of events, along with the system's importance to
safety. System safety considerations include system redundancy and the
effects of a system failure on safe reactor shutdown and the integrity
of reactor coolant and containment boundaries. Also considered in
evaluating the safety significance of water hammer were system operability
and testing requirements and the ability to inspect the system.

Lastly, recommendations specific to each system evaluated are presented.

The recommendations are not necessarily considered to be regulatory concerns
but rather, aids in preventing or mitigating water hammers. Generic
recommendations that affect all systems, such as those concerned with
operator training or procedure writing, are presented in section 3.5.
Recommendations deemed significant enough to warrant regulatory review

and possible action and their applicable systems are listed in section 6.3.

5.1 PWR Feedwater System

5.1.1 System Description

The feedwater system pumps condensate from the low-pressure heaters to
spargers in the steam generators. The feedwater system consists of
feedwater pumps, feedwater heaters, feedwater control and isolation
valves, associated piping and instrumentation. The feedwater valves
control feedwater flow rate based on input signals of main steam flow,
feedwater flow and steam generator level. Feedwater bypass valves are
used for flow control under low-flow conditions. The feedwater pumps
are provided with low-flow bypass lines and trip logic for low net
positive suction head protection.

1



Auxiliary feedwater (AFW) and chemical injection lines are connected to
the main feedwater lines. The AFW lines are part of the AFW system,
which is a safety-related system designed to remove heat from the reactor
coolant system by use of the steam generators.

5.1.2 Water Hammer Evaluation

5.1.2.1 Event Review

Table 5-1 presents & summary of the nonsteam generator PWR feedwater
system water hammer events reported in reference 1. Steam generator
water hammers were excluded from the scope of this document, because
they are reviewed elsewhere (references 8 and 9). The feedwater system
contributed to 13 of the 40 PWR nonsteam-generator water hammer events
reported in reference 1. Only 12 of these events appear to have been
water hammers. Event 11 may have been a pump vibration incident rather
than a water hammer. Additionally, one or several water hammer events
may havz occurred at Zion 1 prior to event 39,

Eight events (6, 7, 8, 12, 13, 31, 38, and 40) were attributed to
feedwater control valve instability. Event 24 resulted from steam-
bubble collapse, event 39 was attributed to isolation valve opening and
the causes of two events (32 and 34) are unknown.

A review of the LER for event 39 indicates that an additional water
hammer(s) may have occurred. Event 39 occurred after the feedwater line
had been isolated to repair insulation and hanger damage and sag in the
feedwater line. The damage reported in the LER indicates that one or
more moderate to large water hammers of unknown type may have occurred,
prior to event 39, causing this damage.

5.1.2.2 Water Hammer Causes

5.1.2.2.1 Feedwater Control Valve

The major cause of water hammer events in the feedwater systems is
feedwater control valve (FCV) instability. FCVs contributed to eight of
the ten system events for which a cause could be identified. The FCV
instabilities resulted from such deficiencies as over-sizing of the
valve, improper adjustment of the control circuitry, unbalanced valve
trim and damage to the valve internal components.

A widespread problem in the design of feedwater systems is the division
of responsibilities between the nuclear steam supply system (N5S5)
vendor and the architect/enaineer (AE). The NSSS vendor supplies and
specifies FCVs. The AE designs the remainder of the condensate/feedwater
system, from the condensate pumps to the steam generator. No one is
specifically responsible for ensuring that FCVs are designed to be
compatible with the remainder of the system. This lack of defined
responsibiiity, combined with inadequate communications, has resulted in
several designs in which the FCV is incompatible with the remainder of
the feedwater system. The incompatibility problem is especially severe
for systems containing motor-driven feed pumps, because such systems
have very high FCV pressure drops at reduced plant loads. The high
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0 Changing feed pump impellers to reduce pump discharge pressure
and thus FCV pressure drop. This will permit the FCV to
operate in a more open position. This modification can have
an additional cost benefit in some plants by saving one to two
MWe used in providing unneeded pump head.

b. Feedwater valves and controllers should be inspected for evidence
of cavitation, or damage and wear that could result in valve or

controller failure. Appropriate repairs or replacements should be
made as required.

£, The following design checks should be made during the preoperational
phase:

0 Verify that control circuitry of the flow control valve is
properly adjusted.

0 Verify that the FCV is properly sized.

0 Verify that the closing and opening times of the isolation and
control valves are properly aajusted.

0 Check the operating procedures to ensure that all necessary

lines can be properly filled during startup and remain filled
during operation.

d. Any time the system is to be maintained or aligned in a manner not
covered by existing procedures, an evaluation of water hammer
potential and venting requirements should be made.

5.2 Reactor Coolant System Pressurizer

5.2.1 System Description

The pressurizer is a tank containing saturated water and steam. It is
the point in the reactor coolant system (RCS) where liquid and vapor can
be maintained in equilibrium under saturated conditions for pressure
control purposes. The pressurizer surge line connects the pressurizer
to one reactor hot leg, thus enabling continuous coolant volume and
pressure adjustments between the RCS and the pressurizer. The surge

line nozzle and electric heaters are located in the bottom of the
pressurizer.

Spray line nozzles and relief and safety valve connections are Tocated

in the top head of the pressurizer vessel. Spray flow is modulated by
automatically controlled valves.

Some plants have safety/relief valves only, while others have power-
operated relief valves and safety valves. Power-operated relief valves
limit system pressure and thus prevent actuation of the high-pressure
reactor trip. The relief valves are operated either automatically or
manually. The operation of these valves also limits the undesirable
opening of the safety valves. The safety valves are spring loaded and
self-activated with back-pressure compensation. Water seals are normally



sure '?“"t‘? valves and

relief valve water seal

"13'0"‘, valve eal s p

{ischarge system collects and cools or condenses
steam discharged from safety and relief valves The
f the pressurizer relief tank, the safety and relief
/g, the relief tank internal spray header and asso0-
the tank nitrogen supply, the vent to containment, and
e waste processing system
pressurizer relief tank normally contains water and a predominantly
1trogen aitmosphere Tlo obtain effective condensing and cooling of the
discharged steam, the tank is installed horizontally with the steam
discharged through a sparger pipe located near the tank bottom and under
the water level The sparger holes are designed to ensure that steam
velocity 1 approximately soni«

wWater Hammer Evaluction

Fvent Review
The R( pressurizer wa wolved in five of the PWR water hammer events
reported in reference 1 These events are summarized in table 5-2 All
the events occurred in the pressurizer relief discharge line These
event are not the classical., unanticipated "flow-into-voided-1ine" type
of water hammer, in which the kinetic energy of the water slug 1s converted
pressure upon sudden stoppage at a closed end (valve or water

front) Rather. they represent anticipated hydraulic transients, in
which forces are generated by a pressure wave passing through the discharge
piping foll elief valve opening The momentum changes caused by
the presence ( water lug from the valve inlet water seal in each
relief val  increase the magnitude of these forces in the valve
j1scharge 10 ¢ However, due to the area ratio of about 1:10 from the

lve inlet to the common discharge line, the effects of the water 5 1ugs
ire greatly reduced in the common discharge header

In PWR plants, e relief line piping upstream of the relief valves is
designed to provide an upstream water seal against the valve seats
Events 10 and 33 occurred when the relief valves opened and the water

lugs moved through the voided discharge piping at high velocity into
the pressurizer relief tank without vaporizing A hydraulic transient
similar to events 10 and 33 could have occurred in event 1

In events 15 and 22, damage occured in the pressurizer relief tank and
not in the pressurizer relief discharge line The relief tank rupture
disc blew open in both events, indicating excessive pressure builldup 1n
the relief tank Neither events 15 nor 22 appear to have been water

[
hammer event: The water originating in the pressurizer relief discharge

line should not overpressure the relief tank Normal level swell phenomenon
is unlikely to have caused these events (events 15 and 22), as it would

2:
have noticed in all pressurizer relief valve actuations. Excessive

lief tank can be caused by the following




0 Insufficient cooling capacity due to low water level and/or high
water temperature in the relief tank.

0 Continuous blowdown or several sequential blowdowns that exceeded
the tank cooling capacity.

In event 22, a minor system transient occurred which resulted in the
opening of the pressurizer relief valve. In this event, the pressure
relief valve stuck in open position due to boric acid crystal buildup,
and RCS depressurization continued until the isolation valve was closed.
In event 15, no cause for excessive blowdown was identified.

5.2.2.2 Water Hammer Causes

Three of the five reported events in the RCS pressurizer were normal
hydraulic transients caused by relief valve discharge, possibly combined
with additional momentum forces due to water slugs being propelled
through the pressurizer relief discharge line into the relief tank at
high velocities without vaporizing. It should be noted that, whenever
the relief valves open, similar hydraulic transients with water slugs
will occur in the discharge lines. Additionally, in discharge lines
without vacuum breakers, when the discharge line cools off and steam
condenses in the line, a vacuum may be formed and pull water up into the
line from the relief tank. In a subsequent valve actuation, the additional
water in the line will contribute to the transient hydraulic forces.
Some plants have small holes in the pressure relief tank sparger above
the water line to prevent vacuum formation.

It is noted that all events occurred prior to commercial operation,

except event 22, in which a relief valve stuck open, and possibly event 33,
which was noted by observation of damage a few weeks after the start of
commercial operation. This indicates that the pipe support system

designs have been adequate in most PWR plants. The inadequate designs
were detected early and corrected. Preventive measures can involve a
combination of actions: valve selection, valve inlet design modifications,

adequate pressurizer relief discharge piping supports, and proper inspection
and maintenance procedures.

Although no events were repourted in reference 1, a more severe problem
could be a safety valve loop seal water slug impacting a safety valve in
those designs in which there is a Tong run of line between the Toop
seals and the safety valves.

5.2.3 Safety Significance

Water hammer has not been of safety significance in RCS pressurizer
systems because no water hammers have occurred in the system. The

safety significance of the pressurizer and the relief valve transients
that have occurred in the system are moderate. [Ihe RCS pressurizer is a
sa‘ety-related system. The pressurizer relief valves are used when
tenporary pressure transients occur in the pressurizer. The relief

valves are expected to 1ift about ten times per year in a typical plant.
Loss of pressurizer relief capability due to the valve damage or discharge

5-7



piping damace weculd force the plant to shutdown Stuck-open relief
valves Coul? lead tz uncontrolled blow-down of thea reacter coolant
ystem 1f The block valve failed to ciose.

4 RecCommendations Yor Prevéntion or Mitigation

4.1 NUREG-C737 Task I11.D.1

NUREG-0737 (feterence 2) task 11.D.1 is concerned with demonstrating by

tasting aka a&tzlvsis that the relief and safety valves, block valves and
1ssociatec piping in the reactor coolant system are qualified for tNe
full range of operdting and accideit canditions. Task I1.D.1 delineate
Lhe test requirements EPRI is conducting an extensive tast series on
piessurizer safetv and relief vaives (senerii program) Utilities will

be required Lo account for tho effecis 0f cischarge 1ines on valve
{

orevihility {(refereciice 2) Analysis wili be based 9n EPR] test
results The repdrted events were not unanticipa'!@d water hammers but
ntic'pated hydrdul c transients Therefore, if Lhe lines and valves

ested and ara2:y2ed in accordance with referenceé 2, they should
withstand the effects of valve opening transient

2.4.. Design Phase
2 _rhass

v Relief valve inlel seal loops and lines should be as short as
possible w educ® the volume of the water 374g.

e safety valve inlet seal loup should be placed immediately
1gainst the valve

he design ¢f the pressurizer relief valve discharge 1ine and its

ipport system should account for all lcadin Iransient forces
RV lines are unavoidable, and the design must consider uch
forces to be an anticipated event *n accordance with reference ¢ 5.
ped

hole ~hould be installed in the discharge line inside the
reile tank, but sbove the reli¢ tank water level, to prevent vacuum
formation 1n che discharge 1i1ne

. Heat t-acing aud Ynsuila®ion may be installed on the relief va -
et waler seal s0 thdt a portion of the seal! water will flast ’
ihen discharged through.the pressurizer relief discharge line int %
i re’i L3t~ This wil reduce transient forces to some extent F

n2 1« wing desian checks chould be made during the preoperatidna

idequacy of the pipe support ystem 1 NSped t 101 and ma tenance



are required to conform to the provision of NUREG-0737
ussed 1n section 5.2.4.1 If a hydraulic transient
the opericional phase causes damage, the severity

»sessed and appropriate corrective measures
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lary steam reboiler, the process sampling

iter Hamme

PWR main steam system water hammery

] 31X of these events (3, 1/, 18,
team system Reference 1 included

feedwater pump turbine exhaust

towdown line with the main

vstem event that was in unanticipated

In steam 1solation valves were 1nadvertently
partially warmed main steam line

damage

the main steam sys

losure [t shoul
in the main
ystem

team hamme




the steam generator blowdowr
pipe clamp, breakage of a

the shell drair

Water Hammer C:

f the ‘ team (water) hammer events occunry

. 30, and 35) were caused by vq ¢ 1051

were attributed to spurious signal n events

3

the excess flow check valve failed closed due to utter
valve clo yas unidentified in event 3( The steam hammer
from such lve closures are similar to those resulting from
anticipated valve cl events, and the piping supports '
lesigned to withstand dynamic loads resulting from valve cl | [hese
events shoul be considered as unanticipated preventab
hammey

the only true anticipated water hammer 1n t main steam

was caused by inadvertent opening of the mai steam 1solatior
'
t

steam 11 , due to poor operating procedure

e result Ing admission of steam into a pi 1ally warmed mait
T

he lack of proper warm=-uj
aused condensation of steam, creating a water slug The water slug
caused a steam-water entrainment water hammer when it impacted a closed

turbine stop valve.

there was no indication of water hammer
jamace to two hydraulic suppressors on the

e to 1nadequate design and i1mproper 11

was caused b steam-water entrainment 1n the steam-driven
exhaust dra line of the auxiliary feedwater pump. The cause
the water hammer wa:s ibuted to an inadequate design that permitted
in water to enter the exhaust piping and to poor maintenance of the

g drain system
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The auxiliary feedwater pump turbine drain system traps should be
periodically checked and maintained

Any time the system is to be maintained or aligned in a manner not
covered by existing procedures, an evaluation of water hammer
potential and venting requirements should be made.

.4 PWR Residual Heat Removal System

.4.1 System Description

The residual heat removal (RHR) system is called the decay heat removal
system in some plants. The primary function of the RHR system is to
remove decay heat from the fuel and the reactor coolant system (RCS)
during plant shutdown and refueling operations, and, in a majority of
PWR plant designs, following a loss-of-coolant accident. The RHR system
may also be used to transfer refueling water between the refueling
cavity and the refueling water storage tank at the beginning and end of
refueling operations

The system consists of two mutually redundant trains of heat exchangers
and pumps, located in the plant's lower elevations and associated piping,
and valves and controls that cool and circulate reactor coolant water
through the RCS. The most severe system operating condition is 400 psig
and 350°F, which occurs during the start of plant shutdown cooling. The
RHR system is normally aligned to take suction from the RWST. There are
system connections to the RCS that are isolated during normal plant
operation. There are also connections to ambient temperature water
scurces and the refueling water system.

During normal plant shutdown, operation of the RHR syc<tem is initiated
when reactor coolant temperature has been reduced to 350°F and 450 psig
or less. The block valves in the lines to the RCS are opened and the
RHR pumps started. The RHR system cocls the RCS by circulating reactor
coolant through the RHR heat exchangers (Hx). The RHR continues to
operate after the reactor vessel is opened and refueling operation
proceeds

Following a LOCA, reactor coolant and borated refueling water which has
collected in the containment sump is pumped by the RHR pumps through an
RHR Hx to the hot legs of the RCS. Recirculation is initiated manually
when the borated water in the refueling water storage tank (RWST) falls
below a predetermined level

5.4.2 Water Hammer Evaluation

Only one water hammer event (25) was reported in reference 1 in a PWR
RHR system. That event is summarized in table 5-4. However, the RHR
system is generically susceptible to the types of water hammer events
that occur in normally idle pumped water systems, such as flow into
voided Tines in the pump discharge lines and steam-bubble collapse in
the high-temperature pump suction lines during the start of shutdown
cooling




Event 25 occurred during a refueling shutdown when an RHR pump was
started. The event was probably caused by flow into a voided line. The
voiding may have been initiated by an incorrect valve lineup before the
pump start.

The PWR RHR system is less prone to voiding than similar BWR systems.
lhe Tevel of the water source in the reactor water storage tank is above
the pump discharge line and serves as a keep-full system. Therefore,
the design of the system makes void formation by leakage during standby
unlikely. The main potential for void formation occurs during outages
and maintenance operations.

5.4.3 Safety Significance

The safety significance of water hammer in the PWR RHR systems is low because
the one event that occurred in the system only resulted in support

damage The RHR is a safety-related, operator-initiated system. The

system has redundant active capacity. The redundant trains of the

systems, however, share some common lines. The system is connected to

the primary coolant pressure boundary. Inspection of the system can be
performed during plant operation, and is done during surveillance testing.

(

0.4.4 Recommendations for Prevention or Mitigation

5.4.4.1 injﬂ” Pﬁqég

A vent system should be provided that vents all portions of the
piping. All venting should be at the line high point. Any portion
of piping isolated from the system high point by a valve should
have a separate vent point.

The vent system should be remotely operated or designed and located
to maximize the ease of line venting during fill operations.

A design review should be made that identifies all portions of
piping in which voids or steam bubbles can form under any operating
condition, including off-design valve or standby alignments that
might occur during maintenance or through operator error.

“Iﬁ”t ional Phase

Ihe system should be considered inoperable when voids are present
the piping. The system still will be available for emergency
use
time the system is to be maintained or aligned in a manner not
overed by existing procedures, an evaluation of water hammer
potential and venting requirements should be made.
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A thorough design review should be made that identifies all portions
of piping in which voids or steam bubbles can form under any operating
conditions. The operating conditions should include valve alignments
that might occur during maintenance or through operator error.

Procedures should be reviewed to eliminate any possiblity of introducing
air into lines during filling operations. Valve lineup requirements

in individual system operating procedures should be written to

preclude conditions conducive to water hammers, such as voided

sections of piping.

Procedures should be reviewed to insure that line pressure is
maintained at a level above the saturation pressure to prevent
formation of steam voids in lines by water flashing during leak
testing.

.5.4.2 Operational Phase

Valves should be leak checked periodically. When projected valve
leakage is deemed to be large, repairs or replacements should be
made.

Any time the system is to be maintained or aligned in a manner not
covered by existing procedures, an evaluation of water hammer
potential and venting requirements should be made.

2.6 Chemical and Volume Control System

5.6.1 System Description

The chemical and volume control system (CVCS) adds makeup water to the
reactor coolant system, removes and reprocesses water from the reactor
coolant system, provides seal water injection to the reactor coolant
pump seals, adjusts the concentration of boric acid for chemical reacti-
vity control, maintains a proper concentration of corrosion=-inhibiting
chemicals and keeps the reactor coolant fission product and corrosion
product activities within design limits.

During plant operation, reactor coolant flows through the letdown line,
from the reactor coolant system cold leg to the shell side of the regen-
erative heat exchanger (RHx), where its temperature is reduced. The
coolant then flows through letdown orifices which reduce the coolant
pressure. The cooled, low-pressure water leaves the reactor containment
and enters the auxiliary building where it undergoes a second temperature
reduction in the tube side of the letdown heat exchanger followed by a
second pressure reduction by the low-pressure letdown valve. After
processing, the coolant is returned by the charging pumps through the
tube side of the RHx to the reactor coolant system. Because of large
changes in temperature and pressure conditions, the occurrence of water
hammer is possible in the letdown part of the CVCS
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ymmendations for Prevent 1 OY Ml{ithHw

iew sho''ld be performed to identify all portions
yids or steawm bubbles can form or collapse

ing condition, ircluding valve alignments that

ing maintenance or through operating error

V > U

emperature alarm should be incorporated in letdown lines,
I r .

ije the operator with sufficient time to prevent flashing
irring at the downstream side of the letdown orifice.

ld be provided at the system high points.
at is isolated from the system high point
separate vent point.

to be maintained or aligned in a manner not
cedures, an evaluation of potential water hammer
requirements should be performed.

steam cycle heat sink During normal operation,
receives an ondenses main turbine exhaust steam, steam generator
feedwater pump turbine exhaust steam, and turbine bypass steam. The
1a i ndenser is also a collection point for other steam cycle miscellan-
AT and vents. Hotwell level controls provide automatic
of condensate to maintain a normal level in the
The noncondensable gases contained in the turbine
ected in the condenser and removed by the condenser air
The condensate pumps take suction from the condenser
pump water through heaters to the feedwater system

' 4

water Hammer tvaluation

f the fi ondenser system events reported in reference 1

ummarized 1n tat 5=7 occurred in the condenser The other
14) damage to the main condensate line. O0f the four
water hammer and three (events 2, 4, and 5)

y ) “J

4

B

wdraulic transieni events resulting from
h occurred prior to or just after ccmmercial
inadequate design of scme components
be noted that damage from events 2, 4
luid-carrying lines, but appeared to be
luids leaving the lines Event 2 was
ient flow, which caused damage to
other components nside the condenser,
expansion joints Events 4
1ents y the heater drain tank
pening Event 4 was




the first of two similar events, resulting in damage to the flow deflector
inside the condenser. Some of the condenser tubes were damaged by a
portion of the torn deflector. The cause of the damage in events 4

and 5 appears to have been inadequate design of deflector plate inside

the condenser Design inadequacies in these three events were detected
early and corrected.

Event 14 was a water hammer that may have been caused by inadequate
design of the main condensate deaerator level regulating valve and the
piping arrangement. The damage occurred after seven years of operation.
Direct contact heaters such as deaerators, and their attached lines,
frequently experience hammering, level control and vibration problems.
The damage observed in event 14 could have been the result of several
vibration or water hammer incidents rather than a single incident

5.7.3 Safety Significance

The safety significance of water hammer in condensate and condenser
systems is low. The systems have no safety-related functions The
failure of the main condenser will not preclude operation of any essential
system. Generally, no safety-related equipment is located in the turbine
building, where these systems are located Protection against the

effects of pipe ruptures is not a water hammer concern but a pipe rupture
concern. This protection should have been provided for those few plants
that have safety-related equipment in the turbine building, in accordance
with SRP 3.6.1.

5.7.4 Recommendations for Prevention o Mitiﬂﬂt?oh

7.4.1 Design Phase

Select level-regulating valves that have durab]
good performance characteristics

Develop inspection and maintenance procedures r level-regulating

valves

Design piping arrangements that will
water hammer

Tpew ational Phase

The operational characteristics
should be verified

The level-regulating valves shoul«
tested to ensure that they are 1r
control and operational instabil

noted and corrected. Appropriate

made when required







Flow into voided line may also have been the cause of event number 20

On open-loop systems, such as service water to the diesel generator, the
flow may be controlled through a component by 1ts outlet valve. When a
component 1s put into service, a solenoid valve de-energizes, allowing
air to open the flow control valve This arrangement provides a fail-safe
mode to ensure cooling flow in the event of a component electrical
failure. It is possible, though, that when maintenance is performed on
the component or control breaker with no flow in the system, the solenoid
valve can be de-energized, allowing the line to drain and create a void
This would require special precautions when returning the system back to
service to ensure proper venting.

5.8.3 afety 5i3y*fl(&ncw

The safety significance of water hammer in PWR cooling water systems is
moderate Neither of the two events rendered a system inoperable. One
of the events, which occurred while the plant was in construction,
damaged the inlet nozzle to a diesel generator air cooler water box.
>afety-related cooling water systems provide cooling water to many
safety-related systems LOSs of cooling water can disable trains of
many systems The safety-related cooling water systems have redundant
trains However, they often share common headers. The systems are
tested regularly and can be inspected during plant operation
Recommendations for pfﬁ;PPt‘UP»U[VM}tLHiiyl\

»1gn Phase

view should be performed to identify all portions o
1ch voids or column separation could occur under
] Infrequent off-normal valve TinP‘UDS.

provided for all
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components in which

system shou consider all portions of
neat ex ingey ind their water boxes,
maintenance

11d be incorporated to detect void

Yhase

1al water hammery 1tuations, cooling water flow to a
fated component should be restored gradual ly In a
Lem the outlet valve should be slowly opened so that

Iled from the surge tank Proper
I lowed

ly when projected valve
should be made




Anytime the system has maintenance performed, or is al in a

manner not covered by existing procedures, an evaluation of possible
water hammer conditions and venting requirements should be performed

Attention should be given to automatic valves that may have operated

due to control breaker maintenance
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NOTE 1:

No water hammer was actually
witnessed. The occurrence

of a water hammer was reported

based upon observed damage.

NOTE 2: There are no sa

fety-related effects

resulting from malfunctions in these

eliminate potential
water hammer. Test
valve and controller
performance. Inpsect
valve and controller

T 5.7 T systems. Implementation of recommenda-
able 5.7 WATER HAMMER EVENTS IN PWR CONDENSER SYSTEM tions 1isted is commnts Should be
based upon plant unavailability rather
. ' . than nuclear saf nsiderations.
EVENT ; PLANT/ {COM, OP | EVENT T OPERATING | WATER HAMMER MECHANICAL | INITIAL INDICATION/ |
| NO. ! DESIGN DATE | DATE |  MODE TYPE FUNCTION DAMAGE CAUSE AND EVENT BASIS COMMENTS |
{ ] 1 (NOTE 2)
|- 2 ‘ Arkansas-1 | 12/19/74] 3/75 Unknown No indication | Unidentified Condenser damage Unidentified. (Probably No indication of
| ELL | of water (probably | noted during routine | inadequate design of water hammer .
| ' | hammer turbine by- | inspection. Failed turbine bypass spargers Problem appears to be
i ! ‘ pass valve | turbine bypass and several components inadequate design of
| { ; opening) spargers, impingement | inside the condenser). turbine bypass |
! ] . | plates on turbine-to- | Anticipated turbine bypass | spargers and several |
| | | i condenser expansion transient flow. components inside the
i } | | Joint, and tie rods ’ condenser.
{ l | and expansion joints.
| '
i
I'l | Beaver i 8/30/77 1/76 10% Power Hydraul ic Heater Condenser tube leak. | Inadequate design of Check design of
‘ vValley-1 transient drain tank | First of two events deflector plate. Water flow deflector plate
i " | high level | (see Event 5). piston effect from heater in the condenser.
1 | dump valve | Broken flow deflector | drain tank high level dump
‘ ' | opening and condenser tubes. | valve on the flow deflector
‘. plate in the condenser.
B
| s | Beaver 4/30/77]  10/76 | 30% Power | Hydraulic Heater Condenser tube leak. | See Event 4. See Event 4.
| valley-1 transient drain tank | Second of two events
| W high level | (see Event &).
' 4 i dump valve | Broken flow deflector
‘ | opening and condenser tubes.
14 Indian 1962-63 | 1970 Unknown Unknown Um‘denttfied Not identified. Either inadequate design or| Note 1.
,‘ Point-1 (Probably due | (Probably {(Probably water hammer poor quality control. Select level regulat-
| - to wave main conden+ noise). Cracks in Valves malfunctioned, ing valves that have
{ reflection) sate de- condensate piping and | causing severe water hammer| durable components
i aerator regulating valve in main condensate system. | and good performance
! Tevel damage. Probably too rapid closing | characteristics
] regulating due to misplaced valve Design piping arrange-
| i valve mal- positioners. ment that will
l ! function)

for damage.
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F_PREVENTIVE MEASURE:

es recommendations to prevent or mitigate water
hammer and potential means for their implementatio

Means Implementation

ﬁpd{ﬂh or Constructi

ymmended that a Standard Review Plan ( P)
P) be issued on water hammer The SRP
ind address the recommendations
the affected systems should be

recommended that a generic letter be issued to operat
ng the recommendations contained in section 6.2

6.2 Recommended Measures for the Prevention or Mitigatior

Hammer 1n Light Water Reactor Plant:

raining

-
recommended that plant operators, including personnel respo
1ting maintenance instructions and supervising

e
iCtivities, receive training on the causes and prevention of water

maintenance

hammey

Operating and Maintenance Procedures

recommended that the applicant review all operating maintenance
procedures for the systems |
ness 1n preventing water hammer

1sted below for their

BWR systems
- Residual heat removal

High-pressure coulant inject

service and cooling water
Isolation condenser
Feedwater
Main steam
ystems
Emergency core
Feedwatey
M&yo “thV

[ 1
tssentia ser




i07ds or steam bubbles could form or collect. When voids are
present the system should be considered inoperable with respect to
technical specification requirements, but available for emergency
use The voids should be filled and vented immediately It is
diffi t to quantify an acceptable void size. Therefore, it is
desirahle that the void detection system be able to detect the
incipience of voiding. Such a system would permit the correcticn
of voids before they reach a significant size. The presence of a
large void should be considered a reportable item It should be
shown that all potential voic points have been monitored. Open-loop
service water systems may be considered operable if analysis has
been performed to demonstirate that there will be no adverse effects
if the system i tarted with voids present.

BWR systems

- Residual heat removal

- Lore spray

High-pressure coolant irjection
- Essential service water

PWR systems
. Emergency core cooling
- Essent*~1 service water

Keep-Full Syst

It is recommended that continuousiy operating keep-full systems be
used for filling voids in normally water-filled lines in the systems
listed below. A jockey puwp or a storage tank at a higher elevation
then the lines of concern may be considered to be an adequate
keep-full system.

BWR systems

a Core spray

- High-pressure coolant injection
. Reactor core isolation cooling
. Residual heat removal

Filling Safety-Related, Open-Lcop Service Water Systems

“

is recommended that one of the following criteria be demonstrated

v

i

fo
)

or open-loop service water systems

Voids can be filled within the required start time through a
manually initiated fill system This provision is applicable
to manually started systems only.

Neither column separation nor voiding can occur during standby
or following pump shutdown

The system is designed with a startup mode that slowly filis
and vents the discharge lines in such a manner as to prevent
water hammer on pump start up




4. The system iS designed to maintain function following a pestu-
lated water hammer event.

Venting

It is recommended that venting provisions be installed on the
systems listed below. Venting should be provided at all points in
the normal lines where voids or steam bubbles could form or collect.
It should be demonstrated that all potential void points can be
vented. The vent sysiem should either be automatic, remotely
actuated, or should bs designed fov ease of operator usage.

0 BWR systems
- Residual heat removal
- Core spray
o High-pressure coolant injection
. Essential cocling water
Reactor core isolation cooling

¢

0 PWR systems
- Emergency rgve cooling
- Essentia! cooling water

Turbine Exhaust Line Vacuum Breakers

It is recommended that vacuum breakers be nrovidsd in the turbine
exhaust 'ines that have a liquid interface. This provicion is only
applicabla for safety-related systems. The design should not
viciate Lie containment isolation boundary.

Applicable “vystems:

0 BWP <ystems
- High-pressure coolant injection
% réactor core isolation cooling
HPCI S‘eam Line Drain Pot
It is recommended that:

1. The adequacy of the sizing of the HPCI drain pot system be
demonstrated.

2. The level indicators on the HPCI drain pot system be checked
for operability periodically and repaired if necessary.

HPCI Turbine Inlet Line Isolation Valves

It is recommended that the technical specifications prohibit opening
the inboard isolation valve unless the outboard isolation valve is
fully open. They should alse prohibit closing the outboard valve
unless the inboard valve is fully closed. These provisions should
apply for all operating conditions except cold shutdown. Neither
valve should contain a seal-in feature on opening. The inboard
valve design and its operating procedures should permit gradual

lTine warm up.




1

[t is recommended that the feedwater control valve supp!it veri f)

that the valve design parameter cluding actuator, flow efficie

(CV), and trim are compatible with all final designed operating
conditions of the condeisate and feedwater system Furthermore,
the valve and its control system should be designed to minimize the
potential for instability, vibrations, and water hammer

Design features that minimize instability include balanced
designed for all pressure drop and flow configurations, st
actuators, moderate rate of operator response, long valve
and minimal pressure drop compatible with achieving proper

Steam Hammer and Relief Valve Discharge

It is recommended that

The \19‘-iq" bases f¢ the ;{‘P'af".;t» and

systems consider stean ammer resulting
d’\T'(,H'%t"’f ire f all 5,',:. valves
*

va il vt

v

he design basis for the operability and supp
isted below consider fluid forces resulting
relief valve operation

1

BWR system:
- M‘.' 'Q’dm

it
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