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ADDENDUM TO TESTIMONY OF MARC W. GOLDSMITH
ON BEHALF OF SUFFOLK COUNTY REGARDING
SUFFOLK COUNTY CONTENTION 4 - WATER HAMMER

This addendum addresses two reports on water hammer provided
by the NRC Staff on April 8, 1982: "Evaluation of Water Hammer
Events in Light Water Reactor Plants," March 1982, by the Quadrex

Corporation and "Compilation of Data Concerning Known and Sus-

pected Water Hammer Events in Nuclear Power Plants," April 1982,
1/
by EG&G Idaho, Inc. ("EG&G"). The EG&G report compiles water

hammer event data while the Quadrex report evaluates these
compiled data and provides recommendations for minimizing water
hammer. These reports, although in draft form, provide recent
water hammer event data, along with new solutions and recommenda-
tions for preventing water hammer occurrences in nuclear power
plants. These reports also illustrate the importance of incor-
porating past water hammer experience into plant procedures and
the need for design modifications to prevent water hammer events.
NUREG~-0582, "Water Hammer in Nuclear Power Plants," lists
water hammer events that have occurred through 1978. The two
reports mentioned above, however, include water hammer experiences
through April 198l1. Recent events, many of them serious, occurred

at plants similar in design to Shoreham during pre-operational or

The Quadrex Report (minus Chapter 5 concerning PWR events)
and the EG&E Report are attached as Exhibits 1 and 2,
respectively.




startup experience at similar plants and incorporating this

experience into Shoreham's program.

Included in the EG&G report was an evaluation of more PWR
plants (44) than BWR plants (26). However, the BWR plants had
approximately twice as many water hammer events (8l) as the
PWR plants (40). Approximately half of the events occurred
within a two year period. This period included one year prior
to commercial operation and one year after commencement of
commercial operation.

All of the BWR plants were General Electric BWRs except
one (13 were GE-Model 4, 7 were GE-3, and 6 were "others"). Out
of the 81 BWR events, forty-eight occurred at GE-4 plants, twenty-
nine occurred at GE-3 plants, and four occurred at the "other"
plants (Shoreham is similar to a GE-4 design). Approximately
three-fourths of the BWR events occurred in safety-related systems.
One-third of the events occurred in the Residual Heat Removal
System (RHR). In a BWR plant, the RHR has many functions, not
all of which are directlv safety-related, but which are connected
to safety systems. One-fourth of the events occurred in the High
Pressure Coolant Injection System (HPCI).

For both BWRs and PWRs, a third of the event reports indicated
damage to piping-related systems. The damage involved welds,
junctions, pumps, and other system components but valves were not
damaged. The damage was signifi~ant, however, since it occurred
in portions of the piping that could allow coolant leakage, if

sufficiently damaged.



Water hammer events discussed in the reports were caused by
either design and/or procedure-related failures. EG&G determined
that BWR plants attributed the causes more to procedure-related
problems than PWR plants. Therefore, preoperational and start-
up experience at other plants with similar systems is important
to BWRs 1in arriving at procedures that minimize water hammer.

The Quadrex Corporation report, an extension of previous
evaluations performed by EG&G, evaluated the implications of the
water hammers that occurred. .Jone of the water hammer events
placed a plant in a faulted or emergency condition. However, 18

of the water hammer events rendered a safety system inoperable.

These included two events when flooding caused by 1ponsafety-

related water hammer caused safety systems to become inoperable.

Of the 82 reported events, 72 were considered to be unplanned
safetv-related events. Sixty of the 72 safety-related water hammer
events occurred in four systems: RHR (24 events), HPCI (20 events),
core spray (9 events) and service cooling water (7 events). Three
of these systems are of General Electric design and the fourth
(service cooling water) is an architect/engineer design. Based on
the frequency of BWR water hammers in the preoperation and startup
phase, it appears that Shoreham could potentially have many water
hammer occurrences during pre-operational or startup testing in
safety-related systems.

Quadrex evaluated the water hammer events and found pumping

water into a line containing voids to be the largest single cause




of BWR water hammers, and responsible for 43 events. This

generic cause includes flow into voided lines, column separation
2

and steam bubble collapse events.—/ Because of the large number

and severity of void related water hammer impacts, Quadrex states

"the most serious concern is line voiding and should be a subject

of regqulatory action."

Quadrex also determined that current designs do not provide
the operator with information concerning the existence of voids.
For example, one concern is that certain safety systems may be
more prone to water hammer under unplanned (i.e., accident condi-
tion) actuation than the reported data indicate. These systems
are often vented prior to 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.

Quadrex stated that "void caused water hammers could be
greatly reduced or eliminated by the use of void detection and

alarm, keep fill and modified venting systems.”"” While Shoreham

has keep fill and modified venting systems on the Emergency Core

Cooling System (ECCS) and alarms on the keep fill system, it is
unclear as to how these are to be used. The 2/1/82 version of

the Shoreham Technical Specifications deletes channel checks on

Voids can occur through many means, including improper line
filling during maintenance, gas evolvement, improper venting,
leakage of water, in leakage of steam, and column separation
following pump stoppage or valve closure.




keep fill alarms and a cursory review did not indicate any
technical specification limits on operation. The keep fill
system operability, or the system operability without keep fill
operating, are unclear. The Quadrex report states that if voids
are suspected then the system should be declared inoperable.

Many of the water hammer events were reported as having
been caused by procedures. This was to be expected since operator
actions are controlled by procedures. Therefore, it is essential
that procedures be correct and complete. Certain good practices
that aid in preventing water hammer, such as gradual line warmup,
controlled valve opening, and draining and venting, are usually

covered by procedures. However, as discovered by Quadrex during

discussions with procedure writers and approvers, the potential

for water hammer is generally not considered in 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 the writing of procedures or work
nstructions.

The Quadrex report contains specific recommendations for
minimizing water hammer events. It is recommended that operating
and maintenance procedures for systems in which safety-related
water hammers can occur be reviewed for their effect on water
hammer occurrence. Additionally, it is suggested that the
relative elevations of system lines and components be considered

in the writing of operating and maintenance procedures.




The foregoing information supports Suffolk County Contention
4 which suggests that LILCO incorporate similar BWR pre-operational
or startup tests into Shoreham's program not only for design but
also for operator training and procedure development.

Other recommendations for preventing water hammer are dis-
cussed in the Quadrex Report. Because past BWR (GE-4) water
hammer experiences were numerous, preventive measures should be
taken at Shoreham to minimize potential water hammer events. LILCO
has taken some of these measures such as installing a keep fill
system and a venting system. If Shoreham uses the keep fill alarm

as an indicator of voids, then an important step will have been

taken in reducing a key cause of water hammer. This requires a

technical specification commitment. In addition, other plant
startup and test data should be reviewed and that data should be
used in procedure development and training operators to prevent
water hammer. Therefore, many measures still remain to be taken

at Shoreham to minimize water hammer.
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EXHIBIT 1

EVALUATION OF WATER HAMMER EVENTS IN LIGHT
WATER REACTOR PLANTS, MARCH 1982, BY THE

QUADREX CORPORATION
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ABSTRACT

This document presents the results of evaluations of water hammer events
in LWR power plants. The evaluations were 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
and 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. This work was performed
by the Quadrex Corporation for EG&G, Idaho Incorporated and is an extension
of previous evaluations performed by EG&G, Idaho.

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. The evaluations are based
upon the incident reports contained in reference 1, reviews of licensing
event reports (LER), 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 (SGWH) are not included in the scope of
this report.

A summary of the findings and recommendation of this study is preserted
in section 2.0. Generic and overview findings, evaluations and recommen-
dations, that are based upon the individual system evaluations are
contained in section 3.0. Individual system evaluations are contained

in section 4.0 and 5.0 for BWR and PWR systems respectively. Section 6.0
presents recommended mechanisms and regulatory requirements for the
prevention and mitigation of water hammer events.
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An evaluation of water hammers occurring in 1ight water reactor plants
was performed using the category I events listed in reference 1 as a
basis. Recommendations for the mitigation and prevention of water
hammers were made.

2.0 SUMMARY

Water hammer damage for most instances was limited to the piping support
systems.

The frequency and saverity of water hammer in PWR plants was low. None
of the 40 reported events disabled a safety system, had an adverse
safety effect on the plant, or placed a plant in a faulted or emergency
condition.

The frequency and severity of water hammer in BWR plants was higher than
in PWR plants. Eighteen of the reported 82 events in BWR plants disabled
a safety system. However, no event disabled more than one train or
system with the possible exception of flooding events caused by water
hammer in a nonsafety system. No event placed a plant in a faulted or
emergency condition.

The predominant cause of water hammer events was the presence of voids
or steam bubbies in pumped water lines. The presence of these voids was
not readily detectable by operators. Other major causes of water hammer
events were water entrainment in the HPCI turbine inlet and outlet
lines, and in the isolation condenser iniet lines, and inadeguate PWR
feedwater control valves. The causes of several events were unknown.
The damage from several events was the result of inadequate support
design for loads resulting from anticipated valve closure induced steam
hammers and safety/relief valve discharge. A detailed overview and
generic evaluation are presented in section 3.0.
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Recommendations for prevention and mitigation fall into two categories.

The first category includes recommendations, often peculiar to a particular
system or problem that should not be considered as regulatory items, but
rather as suggestions to aid in prevention and mitigation. These recommendation
are presented in the generic evaluation of section 3.0 and the individual
system evaluations contained in sections 4.0 and 5.0. The second category
of recommendations are those deemed significant enough to be a regulatory
concern and are presented in section 6.0. These include:

0 Mandatory void detection, keep fill and venting provisions for

several systems

Operator training

Feedwater control valve design verification

HPCI inlet line valve design features

HPCI inlet line drain pot level detection

HPCI and RCIC turbine exhaust line vacuum breakers, and

Main steam and PWR - RCS support and component design basis.

© © 0 o o o

The regulatory requirements should be implemented by a SRP or Branch
Technical Position for plants in the design phase and by an IE bulletin
or generic letter for operating plants.
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This section contains generic evaluations of water hammer events and
their causes and recommendations of measures for their mitigation and
prevention. The evaluations contained in this section are based upon
the individual systems evaluations contained in sections 4.0 and 5.0.

3.0 GENERIC EVALUATIONS

3.1 General Overview

3.1.1 PWR Systems

There were 40 category I events reported in reference 1. None of the
water hammer events had any adverse safety effect on the plant. No

water hammer event rendered a safety-related system inoperable or damaged
the integrity of the reactor coolant boundary. For most of the events
damage was limited to the piping support system.

The frequency and severity of safety-related water hammer events in the
PWR systems are low with the exceptions of steam generator water hammer
(SGWH) which is not within the scope of this study and feedwater contol
valve (FCV) induced water hammer events.

Of the 40 reported events only 25 are considered to be unplanned safety-
related water hammer events. See table 3-1. Four of the events (three
in the Reactor Coolant System (RCS) and one in the main system) are
considered relief valve discharge reaction forces (see sections 5.2

and 5.3) and five of the events, all in the main steam system, (see
section 5.3) were valve closure initiated steam hammers which should be
included in the design basis of the support system. Two RCS events
(section 5.2) were not water hammers but the results of valves sticking
open. T"our events in the condensate and condenser system (see

section 5.7) are not regarded as safety-related. Furthermore, three of
these condenser events were not water hammer but jet impingement force
incidents. Event 28 (section 5.8) in the circulating water system and
event 11 (section 5.7) in the condensate system were considered to be
neither safety-related nor water hammers.
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Of the 25 safety-related water hammers, 13 occurred in the feedwater
system (see section 4.land table 3-2). Eight of the feedwater system
water hammers were related to the feedwater control valve. One other
event was due to an improper procedure in opening a valve and another
was due to a design errcr. The cause of three of the feedwater events
were unknown. The damage reports indicate that the greatest forces were
due to events occurring in the feedwater system. This is to be expected
due to the Targe line size and the high fluid velocities and density in
the feedwater system. The feedwater system, especially, the FCV requires
regulatory measures.

0f the non-FCV events in the various systems (including FW); seven
involved the presence of voids in a line, two involved improper valve
usage, and one involved a design error. The causes of five of the
events were unknown.

Of the five events with unknown causes, two in the CVCS system may not
have been water hammer and were of low safety significance. Another
event in the steam generator blowdown line is of low safety significance.

Regulatory action, discussed in section 6.3 is recommended to address
feedwater control valve design (nine events) line voiding (seven events)
operator training (two valve usage and perhaps the unknown events).

3.2 BWR Systems

The frequency and severity of safety-related water hammers in the BWR
systems are moderate and are greater than for PWR systems.

There were 82 category [ water hammer events reported in reference 1.

None of the water hammer events placed a plant in a faulted or emergency
condition. However, 18 of the water hammer events rendered a safety
system inoperable. These included two events when flooding caused by
nonsafety-related water hammers caused safety systems to become inoperable.
A water hammer in conjunction with a stress induced condenser tube
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rupture caused an isolation condenser to become inoperable. No events
damaged the integrity of the reactor coclant boundary. For most of the
events, damage was limited to the piping support system.

Of the 82 reported events 72 are considered to be unplanned safety-
related water hammer events. One event in the main steam system (see
section 4.6) is considered a relief valve discharge force. Two main
steam events (see section 4.6) were valve closure initiated steam
hammers, which should have been inciuded in the design basis of the
support system. One event in the RCIC system was a pump cavitation
event (section 4.5). Six of the events, four in the condenser system,
one in the auxiliary boiler (section 4.9) and one in the reactor water
cleanup system (section 4.8) are not considered safety-relatec water
hammer events.

Sixty of the 72 safety-related water hammer events occurred in four
systems RHR (24), HPCI (20), and core spray (9) and service cooling
water (7).

Two of the RHR events were actually initiated during HPCI turbine inlet
line warmup. Other systems in which events occurred include isolation
condenser (four), RCIC, (one) main steam, feedwater (three).

Pumping water into a 1ine containing voids was the largest single cause
of BWR water hammers and was responsible for 43 events. This generic
cause includes flow into voided 1ine, column separation and steam bubble
collapse events. A generic discussion of line voiding is provided in
section 3.3.

Seven events in the HPCI system (section 4.4) were caused by failure of
drain pot systems. Six events, five in the HPCI system and one in the
main steam system were caused by improper valve operation or warmup of
the inlet line. Three events were caused by feedwater valve controller
instabilities. Three events in the isolation condenser were caused by
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reactor water surginy into the isolation condenser inlet line. Two
events, one in main steam and one in the isolation condenser were caused
by improper line s'ope.

The most serious concern is line voiding and should be a subject of
regulatory action. A void indication and alarm system in combination
with a requirement that a system be considered inoperable if there are
voids in its pumped water line would essentially eliminate these water
hammers. See section 3.3. Certain design modification and increased
operator training would eliminate or greatly reduce the various turbine
steam line water hammers. See section 3.5.

3.3 Line Voiding

Line voiding has been the single greatest cause of water hammer events
identified in this report. Fifty-four percent (52 of 97) of the unplanned
category I safety-related water hammer events were caused by pumping
water into a line containing voids. The generic line voiding cause
discussed in this section includes flow into voided lines, steam bubbleé
collapse and column separation. The one common denominator in each case
is that the event could have been avoided had the operator been aware of
the void. Voids can occur throuah many means including improper line
filling during maintenance, gas evo. ‘ement, improper venting, out leakage
of water, in leakage of steam and column separation following pump
stoppage or valve closure.

Voiding can generally occur in standby systems that are normally idle.
Systems that continually run such as feedwater are started slowly and
kept full by continuous operation. BWR systems are more prone to voiding
than similar systems in PWRs. There are two main reasons for the
differences between the BWR and PWR voiding frequency. The first is the
elevation of the safety system's water source. The PWR pumps are
supplied by the refueling water storage tank (RWST) which is maintained
at an elevation above the pump discharge lines. The BWR safety systems
most prone to line voiding, namely RHR and core spray, receive their
supply from the suppression pocl which is maintained at a level below
the elevation of the pump discharge lines. Other systems which have

3-4
1106



experienced less voiding are supplied by the condensate storage tank
which in many plants is maintained at a level above of 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 BWR's permitting leakage of steam bubbles into the water
Tines.

The comparative studies of the RCIC, HPCI 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 to the fact that less leakage occurs
through the valves ~f smaller lines. Another factor is that forces
resulting from water hammers in small lines are smaller than those
resulting from larger Tines. Thus water hammers occurring in smaller
lines may not be considered reportable or even detected if no damage
occurred.

The addition of keep fill systems to BWR systems has reduced freguency
of water hammers. (The water supply system for a PWR essentially acts

as a keep fill system.) However, venting is also required to remove
voids. In many plants venting is a difficult procedure due to the
location of the vent valve. Venting may require wearing anticontamina-
tion ciothing, entry into moderate radiation areas, considerable climbing
and personal discomfort. Operations involving such difficulties are
generally performed only to meet specific requirements or needs rather
than routinely and freguently.

There is a concern that 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 to 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 the existence of
voids.
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Void caused water hammers can be greatly reduced or eliminated by the
use of void detection and alarm, keep fill and modified venting systems.

3.4 (Comparison of HPCI with Similiar Systems

This section compares HPCI (BWR) with the RCIC (BWR) and the AFW (PWR)
systems in order 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.
c. The systems are surveillance tested monthly.

d. The systems pump ambient temperature water through normally unused
lines to the feedwater lines at feedwater pressure.

Twenty water hammer events were noted in the HPCI system comparec to
only one in the AFW system and one in the RCIC system.

3.4.1 Steam Supply Lines

The supply lines for all three systems are normally kept warmed with
steam up to the turbine stop valve and contain steam traps and drain
pots. No steam supply events were noted in either the AFW or RCIC
system. Eight steam supply incidents were noted in the HPCI system,
three caused by valve operation and five caused by the failure of the
steam trap level control and drain system.

There are two significant differences between the HPCI steam supply line
and the RCIC and AFW steam supply lines. The first is the presence of a
"seal in" feature on the HPCI inboard isolation valve. A seal in is a
control feature, that causes the valve to open continuously to the full
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open position upon actuation. This feature precludes using this valve
for gradual line warmup or venting. The RCIC and AFW isclation valves
generally do not have the seal in feature.

The second significant difference is size. The HPCI line is sized for
approximately ten times the flow rate as the AFW and RCIC lines. The

HPCI Tine thus is subject to considerably more steam condensation than

the AFW and RCIC lines. It is possibie that the drain pots of the AFW

and RCIC systems have sufficient capacity to accommodate occasional
malfunctions of the drain systems that may occur between periodic technical
specification testing. Water hammer forces are also larger in a larger
line. The events in the HPCI line have only caused minor damage. If
these events had been scaled down by the 10:1 ratio of the RCIC and AFW
systems, their effect may have gone unnoticed and thus unreported.

3.4.2 Steam Exhaust Lines

There were six events reported in the HPCI steam exhaust lines and only
one in the RCIT and one in the AFW lines.

The HPCI and RCIC lines discharge into a water interface (the suppression
pool), but the AFW line discharges into the atmosphere. Many of the

HPCI events and the RCIC event occurred prior to the addition of vacuum
breakers to the exhaust lines. The vacuum breakers prevent a vacuum

from drawing suppresion pool water into the lines. The HPCI line is
sized for ten times the flow rate of the AFW and RCIC turbines.

The reasons for the higher freguency of HPCI events may be size and the
presence of the water-steam interface without vacuum breakers in some

early installations.

3.4.3 Pump Discharge Line

Three water hammer events were noted in the HPCI pump discharge lines
but none were noted in either the RCIC or AFW pump discharge lines.
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The HPCI and RCIC lines are similar except for the HPCI lines being
larger (10:1 flow area) and longer. Both pumps are normally aligned to
the condensate storage tank for suction and in the systems reviewed
discharge to the feedwater lines. The AFW lines are approximately the
same size as the RCIC lines and are aligned to the refueling water
storage tank and and discharge int) the feedwater lines. A more detailed
discussion of line voiding is provided in section 3.3.

3.4.4 Conclusions of Comparison

Although there are several features that distinguish the HPCI system
from the RCIC and AFW system, the difference that occurs in all three
line types (turbine inlet, turbine exhaust and pump lines) is size.
Larger Tines may have a greater propensity for cendensation (steam
lines) and leakage caused voiding (water lines), which makes them more
susceptible to water hammers. Water hammer forces and damage, increase
with Tine size. Therefore, smaller water hammers occurring in the RCIC
and AFW system may not be significant and thus not detected or reported.

3.5 Mitigation and Prevention of Water Hammer

This section provides a discussion of various generic methods to prevent

and mitigate water hammer events. The inclusion of a method in this

section should not imply that it is to be applied to all systems. The
reguiatory means for implementing these measures are discussed in section 6.0.

3.5.1 Line Void Detection, Filling and Venting

Fifty=-four percent of the category I safety-related water hammer events
reported in reference 1 occurred because water was pumped into a line

that contained voids. These were primarily flow into void Tine events

but also included steam bubble collapse and column separation. (See
section 3.3 for further discussion of voiding.) A1l of these events

could have been prevented if the operators had been aware of the existence
of the void. A properly designed void detection and alarm system combined
with a technical specification requirement that the system be considered
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inoperable if voids were present would have eliminated these events.
The following systems should have void detection and alarm:
0 BWR:

- Core spray (pump discharge) 10 events
- RHR (a1l liquid lines) 22 events
- HPCI(HPCS) - pump discharge 3 events
» Cooling water _8 events

43

0 PWR:

- ECCS (safety injection) 4 events
» Cooling water _2 events

6

In addition due to their requirements for rapid start or frequency of
events the following systems should be provided with keep fill systems:
0 BWR:

- Core Spray

- RHR
- HPCI
- RCIC :

Keep fill systems are not required for PWR systems because the refueling
water storage system acts as an intrinsic keep fill system. The use of
a keep fill system for open loop service water systems is impractical
due to the continual and large line losses. The service water lines

are generally very large and very long. Furthermore, much of the line
is remote from the main safety areas where the ECCS keep fil] system is
located, and there is considerable branching and many components served.
The use of the ECCS keep fill system for a service water system is
impractical. Therefore, the following recommendations are made for
filling of open loop service water systems. For these systems it should
be shown that either:

a. voids can be filled within prescribed time using a manually initiated
fill system,
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b. neither column separation nor voiding will occur during standby or
following pump shutdown once the line has been filled and vented,

e the system is designed with a startup mode that slowly fills and
vents the discharge lines in such a manner as to prevent water
hammer on pump startup. Low flow bypass valves or slow opening
discharge valves are examples of features that can permit the
system to meet this requirement. Analysis and testing would be
required to show that slow fill and system minimum startup time
requiremenrts can be achieved or

d. analysis has determined that the system including its supports, is
designed to maintain function following a postulated water hammer
event.

Additionally, venting provisions should be provided at all points where

voids could form either through maintenance, operating, draining, outleakage,
gas evolvement, or in-leakage of steam or flashing fluid. The venting
system shall be readily operable during all modes of plant operation.
Suggested types of venting systems are remotely operated valves and

valves located for ease of access. For some systems the use of vacuum
breakers may be a desirable feature.

3.5.2 QOperator Training

Most of the reported water hammer events involved plant operators and
maintenance personnel to a varying degree. The reduction of water

hammer events will require the participation of plant personnel. 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. They would not knowingly initiate
events that would cause a water hammer event.

Over 50% of the events occurred during plant startup and ‘he twelve
months following commercial cperation. This indicates there is a learning
periad during which plant personnel and management become familiar with
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the systems operation, change procedures, correct design errors, add
equipment such as vents and drains, and make fewer errors. To be most
effective, efforts to reduce water hammer events should start before
plant operations and the learning by experience period starts.

An investigation of the general causes for the events, that involve

plant design, training, operation and management, indicates the following:

0 There is often a lack of awareness among plant operators concerning
the possitility of water hammer events occurring in a particular
system or suhevetam (nyir causes, and what the results of those
events would be. Discussions with various plant operators reveals
that they know from experience that water hammers occur, but in no
case have they had specific training as to why or where water
hammer events happen, what types of systems are susceptible, or
what types of 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 82 BWR events and the 40 PWR events
on the LER category I 1ist of reference 1 reveals that in only
13 out of the 122 events was applicable instrumentation mentioned
as part of the original design to give warning or as part of ine
repair effort to mitigate further events.

) The implications of equipment malfunctions and maintenance related
failures of comporents such as shutoff valves, steam traps, and
check valves, are not fully considered as part of the causes of
water hammer events by designers and plant operators.

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

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

there are many operations such as line warmup and venting that require
operator knowledge of system conditions. Therefore, all plant operators
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including personnel responsible for the writing of maintenance instructions
and the supervision of maintenance activities should receive training in
the causes and prevention of water hammer.

3.5.3 Turbine Exhaust Line Vacuum Breakers

The turbine exhaust lines of the HPCI and RCIC systems interface with

the suppresion pool. Water hammers have been caused by suppression pool
water being drawn into these lines due to vacuum formation (see sections 4.4
and 4.5).

Vacuum breakers should be incorporated on both the upstream and downstrean
sides of the exhaust line stop/check valves for the following BWR systems:
0 HPCI
0 RCIC

3.5.4 Turbine Steam Line Drain Pots

The only system in which drain pot operation is considered a significant
water hammer concern is the BWR HPCI system (see section 4.4). A comparison
of the HPCI, RCIC and AFW systems (sections 3.4), indicates that the

problem may be related to Tine size.

The adequacy of steam turbine inlet line drain pots sizing should be
reviewed for all HPCI svstems. If the size is determined to be inadequate,
additional or larger drain pots shall be installed.

The operability of the steam line drain pot level switches should be

verified monthly for the HPCI systems. Those systems in which level

switch verification of operation and required maintenance can not be

performed with the system in service shall be modified to permit such
verification and maintenance.

3.5.5 Steam Supply Line Inlet Valves

Water hammer events have been caused by operation of the HPCI outboard
steam line inlet valve. To prevent this the following is recommended.
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An interlock should pe provided that will preclude opening of the inboarc
isolation valve unless the outboard isolation is fully open. Neither
valve should contain a seal-in feature on opening. The inboard valve
should be designed for throttling and must be opened slowly to permit
gradual line warmup and draining of all liquid. These reguirements
should apply to the following system:

0 HPCI (BWR)

3.5.6 Anticipated Loads

Certain loads such as steam hammer due to rapid valve closure or forces
caused by safety and relief valve actuation can not be prevented. As an
example turbine stop valves close in approximately 0.1 to 0.2 seconds.

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&V Code Section III and ANSI
B31l.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
procedures. Additionally, other events may have been avoided had different
procedures been available. This is to be expected since all operator
actions are controlled by procedures. Therefore, it is essential that
procedures be correct and complete.

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 with procedure
writers and approvers indicate that the potential for water hammer is
generally not considered in 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 the
writing of procedures or work instructions.
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It is recommended that operating and maintenance procedures for systems
in which safety-related water hammers can occur be reviewed for their
effect on water hammer occurrence. Additionally, it is suggested that
the relative elevations of system lines and components be considered in
the writing or operating and maintenance procedures. Isometric piping
drawings, sufficiently scaled to show relative elevations, would be
useful in writing procedures and performing maintenance. It is suggested
that the isometric drawings be available to operating and maintenance
personnel as part of the system procedure package.

3.5.8 Line Sloping

A few events have been caused by the inability to properly vent or drain
a line due to the Tocation of high and low points. These conditions,
however, are detected early, generally during plant startup. To prevent
such incidents it is suggested that the design of lines be reviewed for
proper slope, and the location of high and lTow points in both hot and
cold conditions. 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.
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TABLE 3-1
PWR CATEGORY I EVENTS

Total Category I events 40

0
0

15:fety-ro1ated water hammer events 25
Not safety-related water hammer events:

- Relief valve reaction forces

- Steam hammer, not safety-related

- Water hammers, not safety-related

- Neither water hammers nor safety-related
- Switch open relief valve

&
g o =W e

1Inc1udes three events that are of low safety significance and may not
have been water hammer.



TABLE 3-2
PWR_SAFETY-RELATED WATER HAMMERS

Total

Feedwater System

0 FCV related 9
0 Other and unknown 4
Main Steam

Auxiliary Feedwater Turbine

1

Steam Generator Blowdown
zChonica1 volume control
Residual heat removal
ECCS (Safety Injection)
Cooling Water

1Evont. of low safety significance
zEvents probably not water hammer and low safety
significance
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TABLE 3-3
BWR Category I Events

Total BWR Category I Events
0 Safety-related unplanned water hammer events
0 Nonsafety-related water hammer events:

-

Relief valve discharge force

Steam hammer bounded by design case
Pump Cavitation

Not safety-related

72

1
2
1

6

10

82
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4.0 BWR SYSTEM EVALUATIONS

This section contains evaluations of BWR plant system water hammer
occurrences. Separate evaluations are provided for each system and are
based upon events reported in reference 1. In addition to the information
contained in reference 1, Licensing 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 performing the evaluations and developing recommendations.

The evaluations of the safety significance of the systems were based on

the following factors:

o System redundancy,

o  System operability requirements,

0 Effects of a system failure on safe shutdown and the integrity of
the reactor coolant and containment boundary, and

(¢} Ability to inspect the system.

Recommendations specific to the system being evaluated are presented in

each evaluation. Generic recommendations that affect all systems such

as those concerned with operator training and procedure writing are
presented in section 3.5. The recommendations presented in these evaluations
are not necessa2rily intended to be regulatory requirements but rather

aids in preventing and mitigating water hammers. Recocmmendations deemed
significant enough to be regulatory requirments 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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The core spray system consists of one or two independent loops. Each
full capacity loop includes, one or twc pumps, piping and valves that
convey water from the suppression pool to a spray sparger in the reactor
vessel above tie core and associated controls and instrumentation. A
low flow bypass line is provided for pump protection.

A full-flow test line allows water to be circulated to the suppression
pool for system testing during normal plant operation.

One testable check valve and one motor operated valve in each loop
isolate the core spray system from the reator coolant boundary during
normal plant operation. Most core spray systems have a keep full system
and venting provisions to assure that the pump discharge line is always
full of water. The keep full system generally consists of a continuously
running Tow flow “jockey" pump that supplies water to the core spray
pump discharge line. The venting system generally consists of manually
operated valves that vent the discharge line high points.

4.1.2 Water Hammer Evaluation

4.1.2.1 Event Review

Table 4.1-1 lists the core spray water hammer events reported in reference 1.
The cause Tisted for most (nine of ten) is flow into a voided 1ine. The
other event (steam-bubbie collapse) would be initiated by similiar
conditions as will be discussed later. However, it should be noted when
using this data for cause evaluation that only five of the ten events

were observed. The previous occurrence of a water hammer was surmised

for the other five events on the basis of observed damage.

4.1.2.2 Causes of Water Hammer

The following mechanisms can initiate a water hammer event in a system
without proper keep fill operation or venting:
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a. Flow into voided core spray pump discharge line - The relative
elevations and valving arrangement can cause voiding of lines due
to normal system leakage over a period of time. Draining can occur
because the high point of the pump discharge lines are usually
60 to 90 feet above the suppression pool. The pump suction valves
must remain open to minimize equipment operation following a core
spray actuation signal. Thus, water can drain back to the poo!
either through a leaking pump discharge check valve or leaking or
inadvertently open valves in the bypass test line. The resulting
voids may apprcach vacuum conditions, containing small amounts of
gas and water vaper. In this case, there is practically no cushioning
effect due to air compression. Thus, large water hammer pulses
following pump start can be generated when water is stopped by a
closed or partially closed valve.

A properly sized keep fill system, that is continously in operation,
will replace the drained water and prevent vacuum conditions from
occurring.

Voids containing either air or steam, however, can be introduced
into the piping through many means. This is especially true during
shutdown or maintenance pericds. Voids will not be eliminated by
the use of a keep full system alone, but must be removed by venting.
Water hammer can occur when a slug of water is accelerated through
a void and suddenly stopped even if the void consists of compressed
gas or steam.

b. Leakage past core spray check valve and injection valve - Hot water
from the reactor can leak into the core spray pump discharge line,
then flash into steam, creating a steam void. When the pump starts,
the steam-oubble collapses, causing a water hammer in the discharge
line. Plants having a keep fill system probably will not experience
this kind of incident, as the incoming water will condense the
water as it flashes, thereby preventing the formation of a steam
bubble. However, if the leak causes the sum of the line pressure
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and elevation head to become greater then the jockey pump discharge
pressure, the pump will not provide water to “he ’.ne. Systems
with high pressure alarms provide, the operator with a warning of
this situation. Also valve leakage can cause a steam bubble to
occur downstream of an isolation valve. This portion of the piping
is generally not serviced by the keep fill system.

4.1.3 Safety Significance

The core spray system has a high safety significance because it is an

ECCS system and is connected to the reactor coolant boundary. For most
postulated accidents ECCS redundancy is provided by the HPCI (HPCS)

system and the LPCI systems. There are, however, some postulated accidents,
which in combinatiu;: ith a single active component failure, would

require the use of the core spray system. Several water hammer incidents
rendered the core spray system inoperative.

The connection to the reactor coolant boundary would only be of significance
during an incident when the isolation valve outside of containment was
open, because the closed isolation valve and the flued head restraint at
the containment would prevent the transmission of the water hammer

forces to the line inside containment. However, failure of the line
outside of containment in combination with a leaking or failed check

valve would violate the integrity of the reactor coolant pressure boundary.
Water hammer events reported in the core spray system have not had
sufficient energy to damage piping. Based on the above discussion, the
safety significance of the core spray system connection to the reactor
coolant boundary is small.

4...4 Recommendations for Prevention and Mitigation

4.1.4.1 Design Phase

a. A1l core spray systems should be provided with keep fill system,
preferably a jockey pump, that is continuously operating. This is
currently standard for most plants.
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A vent system should be provided that vents all portions of the
piping between the pump discharge and the RCP boundary. A1l venting
should be at the line high point. Any portion of piping 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 in a manner to maximize the ease of line
venting.

A monitoring/ alarm system should be provided to detect voids.

The system should be considered inoperable when voids are present
in the piping.

A thorough design review should be made that identifies all portions

~of piping in which voids or steam bubbles can form under any operating

F =

1106

condition. The operating conditions reviewed should include valve
alignments that might occur during maintenance or through operator
error,

.1.4.2 QOperational Phase

Valves should be leak checked at every fueling outage. When projected
valve leakage is deemed to be large with respect o the keep fill
system or void formation, 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 and
venting requirements should be made.



4.2 Evaluation of the RHR System (BWR)

4.2.1 System lescription

The combined RHR system is a group of related subsystems that share
common components to perform separate functions at different times
during normal plant operation, shutdown, and following postulated
accidents. The primary system function is to remove heat from the fuel
and the Nuclear Steam Supply System (NS55) during plant shutdown and
refueling operations, and following a postulated loss of coolant accident
(LOCA). The system consists of two or more heat exchangers and three or
more pumps, depending on plant size, and required piping, valves, and
controls. The components are arranged in three separate subsystems,
located in the plart's lower elevations, that circulate the coolant
water between the fuel, NSSS, suppression pool and the heat exchangers.
The most severe system temperature and pressure operating conditions are
150 psia and 350°F, which occur during the plant shutdown cooling and
steam condensing modes.

4.2.1.1 QOperating Modes

The system has seven principal operating modes, plus a rest mode, which
are described below.

4.2.1.1.1 Shutdown Cooling

This function of the RHR system removes decay and sensible heat from the
nuclear boiler system after reactor shutdown. When reactor pressure is
reduced to approximately 150 psia, an interlock allows the operator to
realign the RHR pumps, to pump water from one of the reactor recirculation
loops, ihrough the RHR Heat Exchanger (Hx) for cooling, and return it to
the reactor vessel through the recirculation lines,the feedwater systems
or vessel penetrations.

4.2.1.1.2 Reactor Vessel Head Spray

This subsystem is an extension of the RHR shutdown cooling mode. During
reactor cooldown, water is pumped from the reactor recirculation system
through the RHR Heat Exchangers (Hx) and cooled. The water is then
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sprayed inside the top of the reactor vessel head and condenses the
steam that forms there during cooldown. This action expedites the
cooling of the vessel head and helps to lower temperature induced
stresses.

4.2.1.1.3 Containment Spray

This mode of RHR operation condenses steam and removes heat from the

containment to prevent overpressuring the containment. After operator
actuation, suppression pool water is pumped through the RHR Hx's by the
RHR pumps to either or both of the independent containment spray piping
headers, which are installed in an elevated section of the containment.

4.2.1.1.4 Low Pressure Coolant Injection (LPCI)

This subsystem is part of the Emergency Core Cooling System (ECCS)
network, and in conjunction with the HPCS, LPCS, and ADS systems, will
restore and maintain the reactor vessel water level required for core
cooling foliowing a loss of coolant accident. When the reactor vessel
pressure reaches the low prissurt setpoint value, the RHR pumps auto-
matically pump water from the suppression pool directly into the vessel.
One pump is a spare. The RHR system is aligned in the LPCI configuration
during normal plant power operation.

4.2.1.1.5 Fuel Pool Cooling

This mode of the RHR system supplements the regular fuel pool cooling
system when it is necessary to provide additional cooling capability,
such as when a complete core is unloaded and stored in the fuel pool.
Generally, removable piping spools are installed to connect the two
systems. Water from the fuel pool is pumped through the RHR Hx by the
RHR pumps, cooled, and then returned to the fuel pool.

4.2.1.1.6 Steam Condensing

This RHR system mode is operator actuated, and is used when the reactor
coolant system is isolated from the main condenser. It may be used in
conjunction with operation of the RCIC system, to remove decay heat from
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the reacter. Steam is drawn from the main steam line, reduced in pressure
and directed to the shell side of the RHR Hx where it is condensed by
cooling water. The condensate flows to the suction side of the RCIC

pump, which returns it to the reactor vessel or to the suppression pool.
Noncondensibles are vented to the suppression pool.

4.2.1.1.7 Suppression Pool Cooling

This operator actuated mode of the RHR system ensures that the suppression
pool temperature does not exceed a predetermined limit after heat from

the reactor has been transferred into the pool. The heat transfer could
be from a LOCA, an SRV discharge, or exhaust from the HPCI or RCIC
turbines. Suppression pool water is pumped through the RHR Hx by the

RHR pumps, where it is ccoled and returned to the suppression pool.

4.2.1.1.8 Isolation Condenser

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

" system. The isolation condenser has different design and operaticnal
requirements than the RHR system and is not connected to it. Therefore,
the isolation condenser will be evaluated separately in section 4.3.

4.2.1.2 System Interfaces

The subsystems interface primarily with each other; however, there are
system connections to the reactor vessel, the NSSS, the feedwater system,
the fue! 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. 5ee figure 4-1 for typical steam and water
interfaces. The steam-water interface during all power operation modes
except steam condensing occurs at valves =13 and -6 on figure 4-1.

During the steam condensing mode the interface is at valve -7.
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4.2.2 Water Hammer Evaluation

4.2.2.1 Event Review

Three types of recorded water hammer events have been noted in the RHR
system, namely, "Flow Into Voided Lines" (FIVL), "Steam Bubble Collapse”
(SBC), and "Steam Water Entrainment" (SWE).

1106

The most common type of recorded event is FIVL (12 of 24), which
occurs primarily at high point locations in the piping of pumped
water systems. FIVL events result from poor venting and filling
practices and procedures; eleven of the twelve events occurred
because of venting or filling problems, or both. The cause of the
twelfth event was unknown. Voiding of the lines occurs primarily
due to leakage of water from the system.

BWR event item 42 is an example. Following an RHR pump start, flow
in the fuel pool cooling line, entered a pipe section not completely
full of water, causing a FIVL event. Pipe supports were damaged

and a piping section was overstressed. Procedural deficiencies

such as indadeguate operating instructions and test procedures, and
an installation that did not ensure proper venting were the causes
of the event. The operator was unaware of the void when the pump
was started.

The installation of keep fill systems in almost all BWR plants has
reduced the inciuence of FIVL events, but some still occur.

The second most commonly recorded RHR svstem water hammer type is
SBC (7 of 24). SBC can occur at steam water interfaces such as the
junction of the RHR steam condensing and shutdown cooling lines, or
where a pressure drop could cause hot water to flash such as in the
RHR pump suction lines.



BWR event item 33 is an example of the latter case. The plant was
near shutdown conditions and RHR surveillance testing was in progress.
The reactor side of the RHR Hx is normally kept in wet layup. Over

a two-month period the "B" Hx had partially drained due to vaive
leakage (see figure 4-2). After the pump suction valves were

opened (2A, B, C), a steam bubble was formed in the pump suction
header when the pressure of the hot fluid entering the partially
voided "B" Hx was reduced. The operator was unaware of the steam
bubble, the opening of valve 1A pressurized the suction header and
the steam bubble collapsed, causing a water hammer.

when handling water at or close to saturation, any appreciable
pressure drop can cause flashing, as happened in event 33. Sub-
sequent pressurization will cause a SBC unless valves are opened
very slowly, or a small bypass around the valve is used. Venting
of the steam bubble would have also eliminated the event or reduced
its severity.

¢. The third type of recorded water hammer is SWE. Two SWE events
occurred in the RHR Hx steam condensing inlet line during warmup of
the HPCI steam line, which shares portions of piping with the RHR
steam line. (CWR event 50). A gradual steam line warmup, slow
HPCI valve cpening and inspection of steam line drains could have
prevented the event.

For a compilation of RHR system events and causes, see table 4.2-1.

4.2.2.2 Water Hammer Causes

The specific causes of the 24 cz'egory 1 water hammer events in the RHR
system have been separated into two classifications; those that occur in
subsystems where water is pumped, and those that occur in steam condensing
subsystems.
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Pumped water Subsystems

In the RHR, Head Spray, Containment Spray, LPCI, Fuel Poo! Cooling
and Shutdown Cooling subsystems, twelve of the sixteen events
involved flow into a voided line (FIVL), two resulted from steam
bubble collapse (SBC), and two were from unknown causes. Eleven of
the twelve FIVL events resulted from poor venting and filling
practices. One of the two SBC events was caused by the collapse of
steam that flashed when hot water entered an RHR Hx that had become
voided because of valve leakage.

One SBC event was caused by steam leakage into the water side of
the RHR steam condensing/suppression pool cooling interface. For
example, it is possible for a water hammer to occur on RHR pump
start (see figure 4-1) when initiating suppression pool cooling.

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 pressurization induced on RHR pump start could collapse the
steam bubbles and result in a water hammer.

Steam Condensing Subsystems

In the RHR steam condensing subsystem, six of the eight events (14,
15, 16, 17, 20, 25) involved SBC and two (41, 50) were caused by
steam water entrainment (SWE). The six SGI' events occurred at the
Brunswick plants, and were caused by steam leakage through valves
into the RHR Hx steam inlet piping and the subsequent steam bubble
collapse when water was admitted to the line. Five of the six SBC
events occurred at the Brunswick 1 plant. The events occurred over
a period of fourteen months, and were indicative of unsatisfactory
maintenance and operating procedures. None of the events occurred
during the steam condensing mode.

The two SWE events were caused by condensed steam that entered the
RHR steam inlet piping, during the HPCI steam supply line warmup of
the common piping.
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For the overall RHR system, eleven of the twelve FIVL events and
six of the eight SBC and SWE events resulted from poor procedures
or operator error or both. Additional causes (more than one for
some events) were lack of venting, incomplete inspection, the need
for a keep fill system, and system leaks primarily through valves.
In only two events was inadequate design cited as a cause. All of
the above reported causes, except those caused by the need for a
keep fill system, involved plant operators and maintenance people.
0 The implications of equipment malfunctions and maintenance
related failures c¢f components such as shutoff valves, steam
traps, and check valves, are not fully considered as part of
the causes of water hammer events by designers and plant
operators. For example, in eight of the 24 RHR system events,
valve leakage in water and steam systems was a major cause of
the event.

Venting, filling, and draining of piping were not sufficiently
considered in plant procedures prior to subsystem operation,
particularly during testing and sytem startup operations. In
15 of the 24 RHR system water hammer events, inadequate venting
and/or filling was stated as a contributing cause.

System components have been used in an unintended manner. For
example, using gate valves for throttling flow results in
valve damage and subsequent leakage. A review of operator
practices indicates that this is a common occurrence in pumped
water systems, such as the RHR, when throttling valves are not
supplied in the proper system locations.

Procedures and procedural controls do not fully include consideration
of the causes and effects of water hammer. In 16 of the 24 RHR
system water hammer events, procedures and procedural controls were
stated as a cause of the event.



4.2.3 Safety Significance

Evaluations of the safety significance attached to the water hammer

events for each of the RHR subsystems are presented below. Each subsystem
has been categorized as having either a high, medium, or low safety
significance.

4 2.3.1 RHR - Head Spray: Medium "

The subsystem is nonsafety related. It is operator actuated, and is

used only during plant shutdown to condense steam inside the RPV head.
Subsystem failure would result in a longer, slower RPV cooldown; however,
in an extreme case it could threaten the integrity of the primary coolant
pressure boundary. Inspection can be done only during plant shutdown.
The single head spray subsystem event item 46 caused a crack in the
piping, disabling the subsystem.

4.2.3.2 RHR - Containment Spray: Medium

The system is nonsafety related in some BWR'¢1ants, 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 post-accident pressure. 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. There were four containment spray system water hammer events (37,
48, 49, 75, all FIVL). One event, No. 75, disabled one of the two
subsystems, leaving one operable.

4.2.3.3 RHR-LPCI: High

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

4-13
1106



system function. A large water hammer could threaten ihe integrity of
the reactor coolant boundary or primary containment penetrations. The
single water hammer event did not cause piping damage.

The system can be inspected during operation, and is tested during
surveillance testing. The single system event, No. 53, caused damage to
p'pe supports and moved some piping but was not severe enough to damage
piping. The system remained operable.

4.2.3.4 RHR - Fuel Pool Cooling: Low

The system is nonsafety-related. It is operator initiated, and is used
only during plant shutdown as a backup to the Fuel Pool Cocling System
whenever extra cooling capacity is needed. If the system fails to
operate, there are other cooling means which can be used. Inspection
and testing can be done at any time.

There were three system water hammer events (42, 76 45). Following two
events radiographic inspection of the piping was performed. In the
third event a valve was damaged. In all cases the system remained
operable.

4.2.3.5 RHR - Shutdown Cooling: Medium

The system is safety-related. It is operator initiated, and is used for

low pressure reacter heat removal. The system has spare capacity available _
which could be used in any mode if one of the subsystems failed to i
operate or was disabled. In the shutdown cooling mode, the system is
connected to the reactor coolant boundary and attached to the primary
containment. A severe water hammer event could threaten the integrity

of those boundaries. No events have been severe enough to damage either
boundary. The system is inspected during operation and is tested during
surveillance testing. There were seven system water hammer events, one

of which, No. 33, caused damage to a pump suction valve, putting the

valve out of service. An alternate suction line was available.
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4.2.3.6 RHR - Steam Condensing: Medium

The system is nonsafety-related. It is operator initiated, and is

designed to be used when the reactor is on hot standby or being shut

down anc is isolated from the condenser. The system has two 50% capacity
loops. Failure of one-half of the system coulcd cause a slowdown in

cooling the NSSS, or require reactor blowdown to the suppression pool.

The system is inspected during plant operation and tested during surveillance
testing. There were eight water hammer events that involved this system.
None of the events occurred while the system was in the steam condensing
mode. One of the events, No. 41, caused a possible Hx inlet piping
overstress condition. In all cases the system was returned to service.

4.2.3.7 RHR - Suppression Pool Cooling: High

The system is safety-related and is part of the ECCS. It is operator
actuated, following a postulated accident for long term cooling of the
suppression pool, using the RHR pumps and heat exchangers. The system
is used to keep the pool water below the technica® specification limit
of 170°F, during plant operation, after SRV discharge or during steam
exhaust from HPCI or RCIC system operation. There are two separate
loops, either of which can achieve the system objective if the other
were disabied by a water hammer event. The two loops will be used
alternatively during the long term cooling process. The system is
connected to the primary pressure boundary and to containment penetra-
tions. An extreme water hammer event, could threaten the integrity of
those boundaries. The system is inspected and tested during plant
operation. No water hammer events were noted during this mode of RHR
operation.

4.2.4 Recommendations for Prevention and Mitigation

4.2.4.1 Design Phase

a. All liquid filled 1ines should be provided with a keep fill system,
preferably a jockey pump that is continuously operating. This is
currently standard for most plants.
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b. A vent system should be provided that vents all portions of the
liquid filled piping between the pump discharge and the RCP boundary.
A1l venting should be at the line high point. Any portion of
piping that is isolated from the system high point by a valve
should have a separate vent point.

e, The vent system should either be automatic, remotely operated or
designed and located in a manner to maximize the ease of line
venting.

d. A monitoring/alarm system should be provided tc detect voids.

e. The system should be considered inoperable when voids are present
in the piping.

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

g. Where 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.

h. Establish a Teak reduction maintenance program for all system
valves in the discharge lines of the LPCI, containment spray and
head spray subsystems, where experience indicates water hammer
events are likely to occur.

, Special filling and venting procedures should be used following
maintenance outages that empty portions of the piping.
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4.3 Evaluation of the Isolation Condenser System (BWR)

4.3.1 System Descrintion

The isolation condenser system removes decay heat from the reactor core
when the main condenser is not available. The isolation condenser,
Tocated 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, pumped by either condensate
transfer or fire pumps.

The isolation condenser system is included only in the earlier BWR
plants; those with dry containment, and a few of the first pressure
suppression containment designs. Plants using isolation condensers are
no longer being designed or constructed.

when the isolation condenser is in oparation, steam flows from the
reactor, through the tubes of the condenser. After condensing it returns
by gravity to the reactor. The isolation condenser is located high in
the reactor building to facilitate natural circulation. The valves on
the steam inlet lines are normally open so that the tube bundles are at
reactor pressure. The isolation condenser is placed in operation by
opening the closed condensate return valves to the reactor system. This
is done automatically by a high reactor pressure signal or it can be
done manually. Ouring operation, the water on the shell side of the
condensers will boil and vent to the atmosphere while condensing the
steam inside the tube bundles.

Radiation monitors and alarms are provided on the shell vents so that in

the event of abnormal radiation levels. the tube side of the heat exzhangers
can be isolated from the reactor by closing isolation valves. Two

isolation valves are provided in the lines connecting the isolation
condenser and the reactor. One of the isolation valves is located

inside the primary containment, and the other is located outside.
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The system interfaces with the nuclear steam supply system through
connections to the reactor recirculation piping and to the reactor
vessel.

4.3.2 Water Hammer Evaluation

4.3.2.1 Event Review

Steam water entrainment (SWE) was the single type of water hammer event
(4 of 4) that occurred in the system. There was some conjecture that
Steam bubble collapse (SBC) may have alsoc taken place in the tank water
caused by the rupture of tubes in the condenser at the same time in one
event (55).

0 In three events (55, 56, 58) water entered the steam inlet line and
impacted the piping and condenser after transient reactor high
water Tevel causec water carryover into the steam line to the
condenser.

o In one event (62), during system start, the lack of venting and
improper drainage caused condensed steam to initiate a water hammer.

For a list of isolation condenser events and causes see table 4.3-1.

4.3.2.2 Water Hammer Causes

Of the four water hammer events occurring in the Isclation Condenser
Systems (all SWE), two occurred during plant power operation (55, 62) and
two during plant shutdown (56, 58).

In three of the events (55, 56, 58) a reactor high water level transient
caused water carryover to enter the steam inlet lire.

Based on the reported events, the system is susceptible to water hammers
caused by transient reactor high water level during isolation condenser
operation. For example, in event 58, reactor normal water level had
been maximized in accordance with TMI experience and requirements.
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Following a scram, when the system was actuated, slugs of water entered
the steam inlet piping and caused the event. As a result, instructions
directing operators to maximize water level were revised.

Event 55 may have been a hydraulic transient caused by a stress corrosion
induced condenser tube failure rather than a water hammer. However, a
surge in reactor water level caused water to enter the isolation condenser
inlet lTine. Damage was noted in both the condenser and its inlet line.

Three events 55, 56, and 58 all involved water entering the isolation
condenser and occurred at one plant (Milistone 1) over a period of
almost four years. No other plants have reported isolation condenser
incidents. This indicates that there is a need for Millstone 1 to
review their operating procedures with respect to isolation condenser
operation and high reactor water levels. It should be noted that except
for the damage caused by the tube rupture in event 55 which was attributed
to stress corrosion, no damage was noted in an isolation condenser
event. The only design related event 62 occurred during power testing.
The design faults were corrected and the system has run for twelve years
without accident.

The isolation condenser system is highly susceptibile to hydraulic
transients. The system undergoes a series of mild hydraulic transients
each time it is operated. Actuation of the system during high water
level in the reactor vessel (above the isolation condenser steam supply
connection) will result in a slug of water entering the steam filled
piping causing momentum, impingment and water hammer forces impacting
elbows and the condenser tube sheet. These forces can be more severe
for an automatic actuation than for a manual one, because the rate of
valve opening is not controlled during automatic initiation. If condenser
tubes are weakened from stress corrosion, they can rupture, allowing a
large steam bubble to form in the water side. The bubble collapses and
forms again. This "chugging" can cause large vibrations and noise in
the tank.
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4.3.3 Safety Significance - Medium

The isolation condenser system is often safety-related. I! :arvee as a
replacement heat sink for the main condenser for decay heat removal

after reactor scram. For wet containment plants this system can be
replaced by reactor blowdown to the suppression pool and the RHR system
cooling (all reported events were in wet containment plants). The

system is connected to the reactor coolant pressure boundary and penetrates
the containment. The RCP boundary and penetrations could be threatened
by a severe water hammer. However, none of the water hammers damaged
piping.

4.3.4 Recommendations for Prevention and Mitigation

4.3.4.1 Design Phase

No recommendations, since isolation condensers are no longer being
considered for use.

4.3.4.2 QOperational Phase

a. Check cold to hot movements of plant components, particularly
piping and supports. Adjust supports as needed to reduce vibration
and eliminate low spots in drain lines.

b. Procedures should be reviewed with respect to isolation condenser
operation and high water levels.

4.4 Evaluation of High Pressure Coolant Injection (HPCI) System

4.4,]1 System Description

The HPCI system consists of a steam turbine driven pump along with
appropriate piping, valves, and controls and is part of the ECCS. It is
designed to remove heat from the reactor following a postulated loss-of-
coolant accident (LOCA) which does not rapidly depressurize the reactor.
The HPCI system operates until the reactor pressure is below the pressure
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at which either LPCI or the Core Spray system can maintain core cooling.
If HPCI is unavailable, the Auto Depressurization system in conjunction
with Core Spray or LPCI can provide the required core cooling.

4.4.1.1 Steam Turbine and Steam Lines

Steam, drawn from upstream of the main steam line isolation valves,
drives the HPCI turbine. The two isolation valves in the steam line to
the HPCI turbine are normally open to keep piping to the turbine at
elevated temperatures and to permit rapid startup of the HPCI system.

To prevent the HPCI system supply line from filling with water, a condensate
drain pot is provided upstream of the HPCI turbine stop valve. The

drain pot ncemally routes condensate to the main condenser through an
orificed 1ine. The drain pot contains a level switch. A drain pot high
level signal opens a bypass line to reduce the drain pot level and

actuates an alarm.

Exhaust steam from the HPCI turbine is discharged to the -suppression
pool. The turbine exhaust 1ine contains check valves to prevent back
flow from the suppression pool. A drain pot at the low point in the
exhaust Tine collects condensate which is discharged to a barometric
condenser or the suppression pool.

4.4 1.2 Pump and Dugpfoischg[ge Lines

The HPCI system pumps water from either the condensate storage tank
(normal alignment) or the suppression pool to a feedwater line in the
steam tunnel. A minimum flow bypass to the suppression pool, is provided
for pump protection. A system test line recirculates the pump discharge
to the condensate 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 fill system that generally
consists of a continuously running low flow "jockey" pump that supplies
water to the pump discharge line to compensate for line leakage.

4-21
1106



In BWR 5 and 6 plants, the steam turbine driven HPCI system has been
replaced with an electric motor driven HPCS system. Thus, water hammer
incidents associated with steam lines can not occur in these plants.

4.4.2 Evaluation of Water Hammer Events

4.4 2.1 Event Review

Table 4.4-1 presents a summary of HPCI system water hammer events reported
in reference 1. The cause listed for most events (twelve of twenty) is
steam-water entrainment. The other events were caused by steam-bubble
collapse (four) and flow into-voided-line (three), and unknown (one).

when using these data for cause evaluation, it should be noted that

water hammer was actually observed in only ten out of nineteen cases.

The previous occurrence of water hammer was surmised for the other

events on the basis of observed damage.

4.4.2.2 Causes of Water Hammer

Possible mechanisms of observed water hammer occurrences are discussed
below.

4.4.2.2.1 HPCI Turbine Steam Supply Line Water Entrainment

During normal reactor operation, both the inboard and outboard isolation
valves are kept open to maintain steam in the 1ine 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.

a. Failure of Steam Supply Line Drain System
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
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conditions, initiation of steam flow can cause a steam water entrain-
ment water hammer. ODuring 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, 68, and 69 are covered by this
scenario.

b.  Sequence of Isolation Valve Operation
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 1iquid in the
Tine flows rapidly through the line and is sucddenly stopped at th:
first obstacle (the turbine stop valve) and large water hammer
forces are generated capable of causing significant damage. Events 8, i
30, 40, and 51 are covered by this scenario.

4.4.2.2.2 HPCI Turhine Exhaust Line |

The turbine steam exhausts into the suppression pool after passing
through two check valves, one located outside the drywell in a horizontal
piping run inside the containment boundary and the other located inside
the drywell in a vertical piping run. A drain pot at the low point in
the exhaust 1ine upstream of the check valves collects condensate which
is discharged to a barometric condenser or the suppression pool through
a drain pot valve. A level switch automatically opens the drain pot
valve on high level.
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Failure of Steam Exhaust Line Drain System

If the level switch fails to open the drain pot valve on high

level, condensed steam will accumulate in the exhaust line. Under
such a circumstance, the flow of steam will move this accumulated
water, thereby causing a water hammer. This event is less severe
than a similar one in the steam supply line, because the exhaust
pipe ends in the suppression pool which has a free surface. Event 24
is covered by this scenario.

Rapid Steam Condensation

After turbine shutdown, rapid steam condensation in the exhaust
line, can create a vacuum condition, drawing a water slug from the
suppression pool into the exhaust line. The water slug, traveling
at a high velocity, impacts the check valve disc resulting in a
fast valve closure that can cause a water hammer. The resulting
pressure differential can cause a rupture of the turbine exhaust
rupture disc. The short operational periods during testing (less
than two minutes) are particularly conducive to condensation,
because the turbine housing and exhaust line inside walls remain
cool and provide a subcooled condensing surface for the stagnant
steam remaining in the pipe and turbine after shutdown. Events 7,
11, 61, and 81 are covered by this scenario. '

Water Entrainment

The vacuum conditions, discussed in b above, can cause a slug of
water to be trapped between the line check valves. 0On a subseguent
turbine start, the water slug entrained between the two check
valves can be propelled past the 90 degree elbow in the exhaust
line to impact the suppression pool water inte. face causing a water
hammer and reaction forces at the piping elbows. Event 2 appears
to be covered by this scenario.
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4.4.2.2.3 HPCI Turbine Gland Seal Condenser Steam Inlet Line

The labyrinth seal steam from either end of the turbine exhausts into a
line which drains into the gland seal condenser feed line. The turbine
gland seal leak-off drain pot drains both the feed line condensate and
the turbine lower casing drains to the suppression pool through a
thermostatic trap. If the drain has a high level, an air operated valve
automatically opens and drains the pot to the gland seal condenser.

Failure uf the turtine gland seal leak off drain pot to remove all the
water in the line can result in accumulation of liquid in the gland seal
condenser inlet line. Subsequent opening of the isolation valve can
result in rapid condensation of steam in the line resulting in water
hammer. Event 82 is covered by this scenario.

4.4.2.2.4 Pump Discharge Line

In some plants, the relative elevations and valving arrangement can

cause voiding of lines due to normal system leakage over a period of

time. The draining problem is primarily due to the difference between

the elevation at the pump suction and the pump discharge line. The pump
suction valves to the condensate storage tank must remain open to minimize
the number of valves to be operated following an actuation signal.

Thus, water can drain back from the discharge line to the source through

a leaking check valve or leakirg or inadvertently open valves in the
bypass test line or leaking through the minimum flow line. The resulting
voids may approach vacuum conditions, containing small amounts of dissolved
gas and water vapor. In this case there is practically nc cushioning
effect due to air compression. Thus, large water hammer pulses following
pump start can be generated when a slug of water is accelerated through

a void and suddenly stopped. Draining to the source is not a problem in
plants where the condensate storage tank level is higher than the high
point in the discharge piping.
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A properly sized keep fill system, that is continuously in operatiaon,
replaces the drained water and prevent vacuum conditions from occurring.
Low pressure alarms alert the operators of excessive leakage.

Voids containing either air or steam, however, can be introduced into

the piping in many ways. This is especially true during shutdown and
maintenance periods. Voids will not be entirely eliminated by a keep

fill system, but must be removed by periodic venting. Events 13, 19,

27, and 29 are covered by this scenario. The frequency of these incidents
in HPCI, is considerably less than in the Core Spray system. This is to
be expected because the elevation difference between the pump suction

and the pump discharge line is less than that of the Core Spray system

and the line sizes are smaller. Also for some plants, the condensate
storage tank level is higher than the high point in the discharge piping.

4.4.3 Safety Significance

By virtue of being a part of the ECCS and a part of the reactor coolant
pressure boundary (the steam side is connected upstream of the main

steam line isolation valves), the HPCI system, has a high safety signi-
ficance. If HPCI is inoperable, the Auto Depressurization system will
provide adequate coverage through depressurization and subsequent use of
Core Spay and Low Pressure Coclant Injection sytem. However, certain
postulated accidents in combination with a single component failure
require the use of the HPCI. It should be noted that some events (rupture
disc activation, events 7, 11, and 61) rendered the system inoperative.

The connection to the reactor coclant pressure boundary would be of
significance, if both isolation valves failed to respond to a containment
isolation signal, subsequent to damage caused by water hammer or if the
Tine was damaged upstream of the valves. However, no incident has
occurred that caused piping damage. Based upon the above information

the safety significance of being connected to reactor coolant pressure
boundary is Tow.
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4.4.4 Recommendations for Prevention and Mitigation

4.4.4.1 Design Phase

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

4.4.4.1.1 Pump Discharge Line

A1l high pressure coolant injection systems should be provided with
a keep fill 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

piping between the pump discharge and isolation valve at the connection
with the feedwater piping. A1l venting should be at the line high
points. Any portion of piping 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/a’arm system should be incorporated to detect system
Teakage and void formation.

4. 4. 4.1.2 Steam Supply Line

1106

Normally the inboard steam line isolation valve is used for throttling.
To cover all possible operating situations, the seal-in feature (if
any exists) should be removed from the outboard valve opening

circuit logic. This will permit slow opening and consequently

gradual draining of entrained water. As an alternative, interlocks
should be provided such that the inboard valve cannot be opened,

unless the outboard valve is fully open. Another alternative would
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be to provide for adequate and prompt draining of all portions of

the steam supply line for all isolation valve positions. Removing
the seal-in feature will be the least expensive solution, as it

only involves disconnecting control wirings. Provision of interlocks,
will be the best solution because it will minimize the probability

of operator error.

b. Suitable provisions should be made to allow drain pot level switch
maintenance during normal plant operation.

€.  Adequacy of drain pot sizing should be reviewed. It may be advisable
to increase the size of the drain pot or place two drain pots in

parallel.

4.4 4.1.3 Steam Exhaust Line

a. Vacuum breakers should be incorporated both on the upstream and
downstream sides of the exhaust line stop/check valves.

b. It is desirable to install a condensing sparger at end of the
exhaust Tine in the suppression pool to reduce noise and vibration.

4.4.4.1.4 HPCI Turbine Gland Seal Condenser Steam Inlet

The gland seal Teak-off drain pot should be sized adequately and should
be designed for ease of maintenance during normal plant operation.

4.4 4.2 OQOperational Phase

a. Procedures should be reviewed for prcper warmup of the steam inlet
Tine to minimize steam condensation.

b. Valves should be leak tested at every refueling outage. When
projected valve leakage is deemed to be large with respect to the
keep fill system capacity, repairs should be made.
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8. The drain pot level switch and steam trap bypass valve should be
exercised periodically.

d. 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.

4.5 Reactor Core Isolation Cooling System

4.5.1 System Description

The reactor core isolatiun cooling system (RCIC) provides makeup water
to the reactor vessel, following a reactor vessel isolation from the
main condenser accompanied by a loss of feedwater flow. The system is
used to cool down and depressurize the plant to the point where the
shutdown cooling mode of the residual heat removal (RHR) system can be
utilized. If for any reason, the RCIC system is incapable of supplying
sufficient flow for core cooling, the emergency core cooling systems
(HPCI, ADS, CS, LPCI) are available to provide the required reactor
coolant pressure boundary protection.

The RCIC system consists of a steam turbine driven pump unit, associated
valves and piping capable of delivering makeup water to the reactor

vessel. The steam is supplied to the turbine from a point upstream of

the main steam line isolation valves. The pump is normally aligned to

the condensate storage tank but can take suction from the residual heat
removal system heat exchangers or the suppression pool. The pump discharges
into a feedwater line outside containment on earlier mode! plants and

into the reactor head spray line on later model plants. The pump discharge
line is provided with venting provisions consisting of manually operated
valves that vent the discharge line high points.

A full flow test line to the condensate storage tank and a minimum flow
line to the suppression pool are also provided. The minimum flow valve
automatically opens on a low flow signal and automatically closes on a

high flow signal.
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The two isclation valves in the steam line to the RCIC system turbine

are normally open to keep piping to the turbine at main steam temperature
and to permit rapid startup of the RCIC system. To prevent the steam
supply line from filling with water, a condensate drain pot is provided
upstream of the turbine stop valve. The drain pot normally routes
condensate to the main condenser.

Exhaust steam from the turbine is discharged to the suppression pool
through a line containing a check valve. A drain pot at the low point
in the exhaust Tine collects condensate which is discharged to a baro-
metric condenser. In most plants, the exhaust line contains a vacuum
breaker to prevent the formation of a vacuum from steam condensation.

4.5.2 Evaluation of Water Hammer Events

4.5.2.1 Event Review

Table 4.5-1 presents a summary of reactor core isolation cooling system
water hammer events reported .in reference 1. Two events were observed,
one was a steam water entrainment water hammer, the other event was a
pump cavitation incident.

4.5.2.2 Water Hammer Causes

Possible mechanisms of observed water hammer occurrences, because of
system design, equipment orientation, and operating procedure are inves-
tigated here.

4.5.2.2.1 Steam Side Event

After turbine shutdown, unless the line contains a vacuum breaker, rapid
steam condensation in the exhaust line can create a vacuum condition.
The vacuum can cause water from the suppression pool to be drawn into
the exhaust line. The water slug, traveling at a high velocity, impacts
the check valve disc resulting in fast valve closure, thereby causing
water hammer due to sudden stoppage of the slug.
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Short operational periods ('ess than 2 minutes) are particularly conducive
to keeping the turbine housing and exhaust line inside walls cool thus
providing a subcooled surface for condensation of steam remaining in the
pipe and turbine after shutdown. Subsequent restart could cause the
exhaust steam to expel the water siug and cause large forces when the

slug impacts the suppression pool. Event 60 occurred due to this scenario.

4.5.2.2.2 Water Side Event

If the pump is started with the test return line valves fully open, the
required discharge head is much lower than at the normal operating

point. Under such conditions, the pump can cavitate. This could Create
excessive loading conditions and can cause severe damage to individual

pump stages, particularly, if their axial movements have not been restrained.
Event 79 is covered by this scenaric. This event appears to be a pump
cavitation event and not a water hammer event.

The variocus water hammer events that have occurred in the HPCI system
(section 4.4.2), can conceivably happen in RCIC system. However, only
one water hammer incident and one pump cavitation incident has been
observed in the RCIC system. The smaller line size and length, and the
recency of introduction of the RCIC system may be the reasons for the
fewer incidents.

4.5.3 Safety Significance

By virtue of having to provide a core cooling function and being a part

of the reactor coolant pressure boundary (the st2am side is connected
upstream of main steam line isolation valve), the reactor core isolation
cooling system has a moderate impact on overall plant safety. If RCIC

is inoperable, ECCS systems will provide at least two levels of redundancy.

The connection to the reactor coolant pressure would only be of signifi-
cance, if both isolation valves failed to respond to the containment
isolation signal subsequent t. damage caused by water hammer. However
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no water hammer incident involving the steam supply line has besn observed.
Based upon the above reasoning, the safety significance of being connected
to reactor coclant pressure boundary is low.

4.5.4 Recommendations for Prevention and Mitigaticn

4.5.4 1 Design Phase

4.5.4.1.1 Steam Line

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

4.5.4.1.2 Water Line

a. The reactor core isclation cooling system pump discharge side
shoulu be provided with a keep-fill system, preferably a continu-
ously operating jockey pump.

b. 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.

T 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 line high point. Any portion
of piping that is isolated from the system high point by a valve
shall have a separate vent point.

4.5.4.2 OQOperational Phase

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

4.6 BWR Main Steam System

4.6.1 System Description

The main steam system supplies steam from the reactor vessel to the
turbine-generator system. The system consists of main steam piping,
safety-relief valves (S/RV), main steam line flow restrictors, turbine
stop valves (TSV) and main steam isolation valves (MSIV). The steam
bypass system bypasses flow to the condenser to control steam pressure
during load rejecticns, reactor heatup, turbine start-up and reactor
cooldown.

4.6.2 Evaluation of Water Hammer

4.6.2.1 Event Review

Four transient events that occurred in the main steam system are discussed
below. Additonally, one event occurred in S/RV discharge line and one
event in the steam bypass line. Of these six events, only three can be
considered unanticipated water hammer events.

The water hammer events are summarized in table 4.6-1. The following

comments are the result of a review of these events:

0 Four events (events 52, 63, 65, and 71) occurred in the main steam
lines. Events 52 and 71 were caused by turbine stop valve closure,
resulting in piping support damage due to inadequate support design.
In event 63, condensate in the main steam lines caused water hammer
when the isolation valves were opened during the power escalation
testing. The condensate in the line was caused by inadequate line
drainage. A steam-water entrainment type water hammer probably
occurred in event 65, when an isolation valve was suddenly opened
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during start-up valve timing test. In event 65, a valve operator
component was damaged due to inadequate valve design and poor line
warmup procedure.

0 Event 18 occurred in the S/RV discharge line. In event 18, it has
been postulated that a sequence of S/RV openings resulted in damage
to snubbers on a discharge line in the drywell. The postulated
scenario is that, following a reactor scram, reactor pressure
increased to the point that an S/RV opened. As a result of the
S/RV opening, the manifold pressure increased causing the water
initially in the adjacent discharge line sharing the same exhaust
header to be pushed upward. The safety relief valve on the line in
which the water was pushed upward was then actuated. The expulsion
of this water slug from the discharge line caused high loads which
resulted in damage to the snubbers. Analysis indicated that damage
to the snubbers should not have occurred if they were functional.

0 Event 67 occurred in the steam bypass line. Steam hammer was
caused by cycling of the bypass valves due to an out-of-calibration
control, resulting in damage to snubbers.

4.6.2.2 Water Hammer Causes
Of the six main steam events, three (events 63, 65, and 67) can be

considered unanticipated water hammer events for which preventive measures
are required.

Two events (events 52 and 71) were anticipated steam hammer events.
Events 52 and 71 were caused by turbine stop valve closure.

Event 67 was attributed to cycling of the bypass valves due to an out-of-
calibration control.

Event 63 was an unanticipated water entrainment in steam lines, which
was caused by inadequate drainage.
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Event 65 was considered a steam-water entrainment type water hammer due
to sudden opening of the main steam isolation valve, which allowed hot
steam to flow into insufficiently warmed downstream line.

Event 18 was a hydraulic transient in the S/RV discharge line with an
entrained water slug in the discharge 1ine. The pipe support system was
determined through analysis to be able to withstand the lcads, if proper
inspection and maintenance procedures were followed.

0 Two steam hammer events (events 52 and 71) were caused by sudden
valve closure and inflicted damage to pipe support system components
because of inadequate design. These events occurred just prior to
or shortly after commercial operation, indicating that inadequate
pipe support designs were found early and corrected. Rapid closure
of the turbine stop valves and isolation valves is necessary in the
main steam lines. Therefore, the design of the pipe support system
components for the main steam lines should include consideration of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>