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REPORT ON PWR FEED LINE WATER HAMMER

INTRODUCTION

This report provides information in support of measures which
will minimize the consequences of main feed line steam-water
slugging type of water hammer (associated with recovering
steam generator feed rings) in the Salem Nuclear Plant. It
is concluded, as discussed 1n this report, that the water
hammer which has been experienced in a number of PWR plants
is caused by steam-water slugging. The slugging has occurred
when feedwater flow rates have been in the range 200 - 300
gpm/steam generator and the steam generator water levels

have been increased from below the level of the feed ring.
Westinghouse NSSS which have Series 4L or 51 type steanm
generators contain feed rings or spargers located just below
the moisture separators and, therefore, can be susceptible

to this type of water hammer. The Salem plant contains
Series 51 steam generators.

The information provided in this report includes a discussion
of:

1l. The slugging phenomenon as it is presently understood.

2, The effect of short horizontal feedwater pipe runs adjacent

to the steam generator nozzle in reducing the intensity
of water hammer. :

3. Operating plant experience of Westinghouse PWR plants in
relation to feed line steam- water slugging type of water
hammer.

4. A review of in-plant water hammer testing (past, on going
: ‘and anticipated) for the purpose of providing both back-
ground information and an indication of future trends.

5. The control of feedwater flow rates below the range where
water hammer is likely to occur.

6. The location of the auxiliary feedwater-line connections
to the main feedwater lines in typical Westinghouse PWR
plants (discussed in Appendix 2 of the report).

7. Specific measures being taken at the Salem plant to ensure

continued feed system integrity.




II. -SUMMARY

The conclusions of this report are:

1.

The results of in-plant experience, both water hammer tests
and inadvertant incidents, and calculations derived from
model tests show that the intensity of feed line water hammer,
which occurs while recovering the feed ring, is substantially
reduced when the horizontal feed line runs adjacent to the
steam generators are kept short. Actual pipe damage is‘qot
likely where the horizontal pipe runs are less than 8 f%t.

and where adequate pipe supports prevent large pipe movements
and consequent pipe stress above yield,

Westinghouse PWR plant experience of record indicates a low
rate of serious water hammer incidents compared to the total
number of operating hours. Also, where water hammer has
occurred on plants with short feed pipe runs adjacent to the
steam generator and properly supported feed lines, feed lines
have not been damaged although minor damage to pipe supports
has occurred., The latter indicates that inadvertent water
hammers will not compromise the integrity of the feedwater
systems in such plants.

In-plant investigative tests have been conducted on a few
plants where adequate test instrumentation was installed.’
These tests yielded useful information on water hammer
threshold flows, the plpe movements resulting from water
hammer, and the effectiveness of certain plant modifications
at precluding water hammer,

Demonstration tests in a number of plants may be desirable
to show that water hammer would not occur under established
operating conditions and/or to show the benefits derived
from any modifications made to the system or equipment.

The control of feedwater flow rates at or below 150 gpm per
steam generator when the feed ring is uncovered will prevent
water hammer. Such control could be administratively and
practically achieved without hindering the safety fungtion
of the system. '

The horizontal run of feedwater piping adjacent to each Salem
steam generator feedwater nozzle has been shortened to the
greatest extent possible in order to minimize the expected
magnitude of any steam-water slugging type water hammer
transients encountered. Sparger modifications will be
implemented if future planned tests prove successful;

should such tests not be successful, =serious consideration
to feed flow limitations‘will be given. -
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" THE PHENOMENON - STEAM/WATER SLUGGING

"below the feed ring and the level was being recovered (%o

The hain‘feed line water hammer which has occurred in PWR
reactor plants has been identified as a steam-water slugging
Phenomenon resulting from steam entering horizontal sections
of feed line pipe which are partially filled with cold water.
Model tests have successfully duplicated the process, and
conditions observed in several different plants which have
experienced water hammer provide supporting evidence. In all
the latter cases the steam generator water levels had dropped

above the feed rings) by feeding the steam generators with
cold auxiliary feed water. A brief qualitative description
of the steam-water slugging process, as derived from model
tests, 1s presented in Appendix 1.

EFFECT OF SHORT HORIZONTAL PIPES RUNS

The feed line water hammer experience as summarized in Section
V has indicated that the length of the horizontal feed pipe
run adjacent to the steam generator has an effect on the
intensity of the water hammer. For example, the Indian Point
2 line which failed in Nov. 1973 contained a horizontal run of
about 15 ft. The Surry 1 and Turkey Point 3 and 4 incidents
also involved long horizontal runs which were subsequently
modified. On the other hand, the Indian Point 2 incidents and
Phase II tests, and the test at Tihange, after the pipe runs
were shortened, showed no apparent pipe damage, although minor
damage to insulation and pipe supports did occur. Thus, the
short pipe runs appear to escape damage while the longer runs
have occasionally suffered breaking of the fluid boundary,’
particularly where the pipes supports have been inadequate.

An analytical investigation into the mechanism of feed line steam- i
water slugging resulted in a calculational model that compared i
reasonably well with small scale, low pressure experimental
results. This calculational model also indicates a similar
dependence of water hammer intensity on the length of horizontal
run. Such a dependence ig illustrated in Figure 1 where the

total energy of the traveling wave is plotted against the straight
length of feed line, nozzle and feed inlet tee. The latter is
internal to the steam generator and is part of the feed ring

(see Figure 2 of Appendix 1). Although such information is
preliminary, the analytical results also indicate favorable
structural advantages attributable to short horizontal pipe runs.

N
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EFFECT .OF SHOR’HORIZONTAL PIPES RUNS (009' a.)

These results supported earlier design recommendation that the
feedwater piping layout immediately upstream of the steanm
generator nozzle should include a pipe loop. The pipe loop
serves to minimize the length of feed llne which could be
drained when the steam generator level is below the feed ring.
The recommended configuration consisted of a 90°EL directed
vertically downward as close to the steam generator nozzle as
possible followed by another 90CPEL to re-establish the
horizontal attitude as required further upstream. Such an
arrangement had been demonstrated to have the effect of ful-
filling the short pipe run objective., However, in some plants
layouts, modifications of this magnitude proved inmpractical
because of interference with existing structure whose alteration
was economically prohibitive. Thus, one alternative was to
install two 45CEL in series such that the bottom of the feed-
water nozzle I,D, is six inches or more above the top of the
horizontal feedwater pipe I.D. upstream of the h5 ELs. Model
testing of the latter conflguratlon confirmed that it was as
effective as the 90 °gL, conflguratlon in limiting the effects
of water hammer.

OPERATING PLANT EXPERIENCE

The number of domestic Westinghouse PWR plants of recent design
which are in commercial operation and which contain steam
generators having feed rings are listed in Table 1. The list
l1dentifies three different steam generator de31gns in both 2,

.3, and 4 loop plants. Also, reference is made to the length

of the horizontal feed pipe run attached to the steam generator
nozzle. As noted elsewhere, the shorter the horizontal run the
lower the intensity of water hammer. Table 1 includes information
on the number of operating hours accumulated to-date and an

estimate of the number of start-ups. It is during start-ups,
and hot shutdowns when the steam generator level is under manual
control. Particularly during start-up, manual control is

difficult and the probability of allowing level to drop below
the feed ring is most likely. Loss of level to the extent that
the feed ring is uncovered will result in a reactor trip and the
automatic start of the motor driven auxiliary feedwater pumps.
The susceptibility to water hammer is highest under these
conditions. Exact information regarding how often water levels
drop below the feed ring is not readily obtainable, but it is
not unusual for operating plants to experience loss of level
from low power in about 5% of the start- -ups, and this normally
results in uncovering the feed ring. The data of Table 1
indicate that only relatively few serious water hammer incidents
have occurred in domestic plants in spite of occasional favorable
conditions.

.




TABLE 1

DOMESTIC OPERATING PLANT EXPERIENCE

Steam Horizontal(l) Number(g) Water (1)
Plant/No. Generator Pipe Length Operating(g) of Start-ups Hammer
of Loops Type Max. Ft. Hours 1/72-3/75 Incidents
R.E. Ginna Ly 3 3L,8L8 30 No
2 Loop
Point Beach 1 LY 12(5) 29,729 3k No
2 Loop
Point Beach 2 Ly 12(5) _ 20,343 5L No
2 Loop
Kewaunee Ll 3.5 5,617 ho No
2 Loop ‘
Prairie 51 8 5,897 35 No
Island 1 )
2 Loop
Prairie 51 7.6 1,898 5 No
Island 2
2 Loop
Conn. Yankee 27 2.7 51,006 20 No
4 Loop '
San Onofre 27 5 48,766 27 No
3 Loop .
H.B. Robinson Il 5 27,006 85 No
3 Loop
Turkey Point 3 LL 6 1k, 4o 76 Yes
3 Loop
Turkey Point 4 Lh 6 11,071 9L Yes
3 Loop
Indian Point 2 Ll 7.5 4,687 62 Yes
4 Loop '
Surry No. 1 51 8 11,578 Lg Yes
3 Loop
Surry No. 2 51 8 10,370 bl No

3 Loop




TABLE 1
Domestic¢ Operating Plant Experience
(1)
Steam Horizontal o Number(3) Water(h)
Plant/No. Generator Pipe Length Operating of Start-ups Hammer
of Loops Type Max. Ft. Hours 1/72 - 3/75 Incidents
Zion No. 1 51 7 6,181 23 No
4 Loop '
Zion No. 2 51 7 2,833 66 No
4 Loop
D.C.Cook No. 51 L. 596 L No
Loop 287,000

(2)

(3)

()
(5)

The lengths identified were derived from available
information and are approximate. They include 1.5
ft. for the steam generator nozzle. They reflect

the dimensions subsequent to modifications.

NRC-Operating Units Status Report - April 1975
Hours Generator On-Line, -

The number of start-ups were derived from yearly
status reports for 1972, 1973, 197L and 1975.

On dockets submitted to NRC,.

The Point Beach plants have feedwater line check
valves installed at the steam generator nozzles.

R T




VI.

The 1incidents of serious water hammer in Westinghouse PWR plants
for which there is information are summarized in Table II. These
are of interest because of the general similarity of conditions
under which water hammer occurred, i.e., water level below the

feed ring, significant auxiliary feedwater flow rates and the
potential for steam to be trapped in the horizontal run of feed
pipe. While the conditions were similar there were a wide variety
of plant differences such as plant type, layout and steam generator
designs. Thus, the water hammer experiences to date support the
understanding of the nature of the phenomenon as described else-
where in this report and a means of prevention. The in-plant tests
such as Indian Point 2 and Tihange also provide information to

compare with model tests and form a basis for confirming analyses.
' 8

.OPERATING PLANT EXPERIENCE (Cont'd)

A review of +the information in Table II shows that the water hammer
incidents, except those at Surry 1 in Oct. 1972 and Indian Point 2
in November 1973, resulted in only minor damage to the feedwater
pipe supports, and components. The Indian Point 2 incident was
aggravated not only by long horizontal pipe runs but pipe supports
which allowed excessive pipe movement, leading to failure of the
pipe. Furthermore, at Indian Point 2 (as demonstrated by the

Phase 2 Test of Feb. 1974) and where short horizontal runs of
feedwater pipe were subjected to water hammer, damage has been
limited to insulation fracturing and minor damage to pipe supports.
It would appear a water hammer occurrence in properly installed
feedwater piping will not result in a compromise of the reactor
feedwater system integrity.

IN-PLANT TESTING

In-plant tests are either investigative, in support of technical
decisions or analysis, or demonstrative, to assure that a plant
will perform as expected when operating within established operat-
ing limits and according to established procedures. Water hammer
tests of both types are of interest. The investigative type tests
are important because they are the simpliest way to obtain limited
full scale data polints quickly and least expensively. They do
requlire producing low intensity feed line pipe water hammer and
the installation of special test instrumentation. The demonstrative
type tests confirm that water hammer will not occur below a
specified feedwater flow limit and, where applicable, check the
method of feed flow control. A brief review of both investigative
and demonstrative tests i1s presented below.




Plant

Surry, 3 Loops
Oct. 1, 1972
Status:. Pre-
operational
Testing

Indian Point 2
4 Loops
Nov. 13, 1973

Status: Operating

Turkey Point 3
and 4
3 Loops

Status: Operating

TABLE II

SUMMARY OF WATER HAMMER INC IDENTS

Description

The water hammer incident occurred while the plant
was in hot shutdown and the steam generators were
being fed by the auxiliary feedwater system. The
incident resulted in damage to the main feed line
check valve and some local displacement of the
feedwater piping. Subsequent analysis confirmed
that the integrity of the feedwater system piping

‘had not been reduced. To preclude future problems,

the feedwater piping to the "A" steam generator was
modified to include a loop seal to reduce the length
of horizontal pipe that could be drained at low flows.
Loops "B" and "C" pipe arrangements already met the
draining criterion. ©Power operation for more than
two years has resulted in no additional water hammer
incidents.

The water hammer incident at Indian Point occurred
while attempting to recover level in two steam
generators following a plant trip from low power,

The incident resulted in a feedwater piping failure

in 5.G. No. 22. Analysis indicated that the failure
was caused by repeated large deflection of the piping.
Following repair, the piping supports were adjusted
to prevent excessive deflection and a support was
added to prevent the specific large pipe movement
which had caused the rupture. The piping configuration
on two of the main feed lines was modified to reduce
the effective length of horizontal pipe attached to
the steam generator. The horizontal runs in the other
loops were already short. Subsequent acceptance test
in Jan. and Feb., of 1974 indicated that water hammer
of reduced intensity could still occur under certaln
circumstances. Although administrative control of
feedwater flow could prevent such occurrences, the
decision was made by the Utility to install J-tube
modifications to further reduce the likelihood of
water hammer., The details of the original incident
and subsequent modifications and test are presented

in Reference 1. Normal power operation has continued
at Indian Point 2 for more than fifteen months without
further incidents.

There have been three known occurrencegs of water hammer
in the feedwater piping from the steam generator back

to the feedwater check valves. The events were revealed
by subsequent leakage through the body to bonnet joint
on the feedwater check valve (main feedwater line 3B

-9-
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TABLE IT

Summary of Water Hammer Incidents

Plant

. N

Mihama 2

2 Loops

Oct 11, 1971
Status: Hot
Functional
Testing

Tihange 1

3 Loops

‘Feb. 1975
Status: Hotb
Functional Tests
and Low. Power
Water Hammer
Tests

w

Description

and 4B) and evidence of anchoring bolts pulled out
of the concrete, deformed mounting plates .for two
spring hangers and slight plastic deformation at +the
90°EL upstream of the steam generator nozzle (main
feedwater line 4A). The circumstances and times of
the first two events are not known. The third event
is attributed to the injection of cold feedwater
into the feed line containing steam with the feed
ring uncovered. .The feedwater piping in both plants
was modified to reduce the lengths of the horizontal
runs upstream of the steam generator and modification’
to the pipe supports and restrains to restrict pipe
movement. No further incidents have occurred. '

During hot functional testing a reactor trip as the
result of steam generator Lo-Lo Level was simulated.
To accomplish this the level was dropped below the
feed ring and maintained there for approximately 20
minutes., After the test, steam generator level was
being increased to normal (above the feed ring)

using auxiliary feedwater. It was during level .
increase that the water hammer occurred. Subsequent
inspection of the feedwater train revealed no damage
to the main feedwater pipe. Minor damage to snubbers,
the auxiliary feedwaber pump mechanical seal and the
auxiliary feedwater pump pressure gage was observed.

A later inspection of the steam generator internals -
revealed no damage., It is understood that administra-

tive controls on auxiliary feedwater flow have been

instituted, and no further incidents have been reported.
_ i _

Duriang hot functional tests a loss of level occurred

while performing secondary system tests. While

" recovering level using auxiliary feedwater, water

hammer occurred. The incident resulted in no apparent
damage. However, a decision was made to perform a

~water hammer test at a later date. The test was

conducted in Feb. 1975 on, Steam Generator No. 1 in
which the main feedwater pipe had been partially
instrumented. A significant water hammer occurred
while recovering the feed ring with auxiliary feed-
water at a rate of 176 gpm. The feedwater pipe and
valves were not damaged. A pipe support sustained
minor damage and some insulation was shaken off. '
Operation hag been resgtricted to reduced power until.
a demonstration that 120 gpm auxiliary feedwater flow
is below the water hammer threshold, and piping system

~

-10-




TABLE II

Summary of Water Hammer Incidents

Plant

Ringhals
3 Loops
March 29,
Status:

2

1975
Operating

Description

During the restoration of normal water level in the
steam generators following a reactor trip caused by
a loss of main feed, water hammer occurréd in steam
generator No. 3 (feed pipe has short horizontal run
to $5.G.). Auxiliary feedwater flow at the time was

191
the

gpm. Flow was reduced to about 80 - 110 gpm and
water hammer ceased. Subsequently flow was again

increased slowly to 191 gpm and maintained for about

one
was
The
One
had

half hour when water hammer again occurred. Flow
reduced to 110 gpm and the water hammer stopped.
No. 3 feedwater pipe and valves were not damaged.
pipe restraint rod had bent and some insulation
been shaken off. Auxiliary feedwater flow has

been administratively limited to 110 gpm. Power
operation has been resumed.

~-11-
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VI,

The ‘investigative tests to date consist of the Indian Point 2 Phase
IT test performed on February 2 and 3, 1974 (Reference l), one at
Tihange in Belgium in February 1975, and one at Doel plant in
Belgium in May 1975.

_IN-PLANT TESTING (Cont'd.).

The first two tests were intended to obtain a better understanding
of the steam-water slugging mechanism, define the circumstances
under which slugging occurs and obtain data useful for confirming
analytical techniques by subjecting specially instrumented feed-
water pipes to water hammer conditions, while the third test
investligated the effectiveness of a feed ring modification in
eliminating water hammer. The methods of testing were all similar
in that steam generator water level was decreased below the feed
ring and then increased at a specified auxiliary feedwater flow
until the feed ring was completely recovered or until a water
hammer occurred, Where water hammer did occur, subsequent inspec~
tion and analysis was performed to confirm that the feed line pipe
integrity was not compromised, All tests yielded useful data.

The Phase II test at Indian Point 2 produced good data on thres-
hold flow (as presented in Section VII),time history of feedwater
pipe temperatures and the magnitude of the pipe displacements.
However, the time history of plpe movement and pressure pulses
were not obtained.

The Tihange feed line under test experienced a water hammer early
in the test program resulting in minor damage to pipe supports

and test instrumentation and causing an indefinite post-ponement
of further testing. However, while data from the Tihange test

was sparse, good time histories of pipe displacement and pressure
pulses were obtained. This data is proving useful in an ongoing
effort to develop forcing functions which might be used for struc-
tural response analysis of the piping systems. The work has not
yet progressed to the point, however, where analytical predictions
of piping response to water hammer loadings of this type can be
made with any significant degree of certainty.

The Doel plant tests showed that a relatively simple plant modifi-
cation may be able to totally eliminate this water hammer phenomenon
in the usually encountéred range of feedwater flows. For test
purposes, the Doel modification consisted of adding a small vent to
the top of the feedwater sparger at a location diametrically
opposite to the inlet tee. In tests at Doel to date, no feedwater
water hammer has been encountered in the line having the afore-
mentioned modification., TFurther testing of this concept is planned
at other plants in the near future, to ensure that it is indeed a
generic fix, and not one whose effectlveness is a functlon of some
unique plant characteristic,

-12-
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VII.

IN-PLANT TESTING (Cont'd.)

‘additional investigative type tests are determined to be desirable,

In the event that the planned tests of vents are unsuccessful, and

the purpose of such tests would be (1) to expand the data points
and} reiated thermal and hydraulic information for the water hammer
threshold flow, and (2) provide bettéer information for development
and validation of a forcing function input for pipe structural
calculations, The test method would be similar to the Indian

Point 2 Phase IT test in that water hammer would be produced in
properly designed and supported feedwater pipes which are adequately
instrumented . The emphasis would be placed on instrumenting

in such a way as to obtain accurate time history recordings of most
parameters, particularly during the momentary pressure pulses.

These recordings woulid include measurements of temperature, pressure,
feedwater flow, pipe displacement, acceleration and pipe strain.

Demonstrative type tests are illustrated by the Indian Point 2
Phase I and III tests where the intent was to establish that water
hammer would not occur under established operating conditions.
Such tests would verify the adequacy of operating limits and
demonstrate satisfactory operating procedures. The general test
method would be similar to that outlined for the investigative
type tests except the feedwater flow rate would not exceed the
operating Iimit. Also, the instrumentation would be simpler,
consisting of accelerometer or scratch pads as necessary to show
that water hammer did not occur for flow rates up to the specified
limit, This type of testing may well be included as part of the
pre-coperational test program. Demonstrative tests may also be
used tc show the benefits derived form some modlflcatlon to the
system or equlpment }
|

CONTROL OF FEEDWATER FLOW

The in-plant tests and results from actual water hawmer incidents

"establish that water hammer cah he precluded by limiting the rats

of cold feedwater flow to a value below a water hammer threshold -
flow. Thig section of the report addresses the maximum feedwater
flow 1limit, the method for controlling feedwater flow and the
adequacy of the controlled flow in regard to the auxiliary feed-
water system safety function, Since feedwater can be supplied

from either the main feedwater system or the auxiliary feedwater
system, the control of feed water from either sy rstem is considered.
The maximum feedwater flow to preclude water hammer is derived
primarily from the data obtained from the Indian Point 2 Phase II
testing conducted on Feb. 2 and 3, 1974 and reported in Reference
1. This is the only test in which accurate feed flow and steam
generator level data are available. The test consisted of instru-
menting each steam generator main feedwater line with accelerometers,
strain gages, scrauch pads, pressure gages thermocouples, and with _
the plant hot (500 F or above), uncovering the feed ring then
recovering it with a fixed auxiliary feedwater flow. The principal
results are summarized in Table IIT, The table lists only the
uppermost test flows at which water hammer did or-did not occur.

/

-13- ' ) ’




VIT.

' CONTROL OF FEEDWATER FLOW (Cont'd.)

The test results showed that water hammer did not occur at or below
200 gpm in all the fTeed lines and did not occur at all in two of
t@e feed lines with feedwater flows as high as 240 gpm. It should
be noted that Indian Point 2 feedwater lines had been modified
prior to the Phase II test so that the horizontal runs immediately
upstream from the steam generator were less than 10 ft. long.

The degree of replication of these test results is obviously
limited for broad application, since uncertainties exist regarding
the effect of variations in geometric, thermal and hydraulic
parameters. Also, information from other plants, though not as
accurate as the Indian Point 2 data, indicate occurrences at some-
what lower flows. Taking these factors into consideration as well
ag the Indian Point 2 results, a maximum flow limit of 150 gpm

has been selected, The available evidences indicates that water
hammer will not occur at or below the 150 gpm flow rate, a rate
which can be achieved by administrative control and which is
entirely within safeguards requirements.




) ® | |

\
TABLE III |
: |

SUMMARY OF THE INDIAN POINT 2 PHASE II TEST
FEBRUARY 2 AND 3 197L

Steam Feedwater | Water = 3
_Generator Run No. Flow (gpm) Hammer ]

21 5 195 No

- 6 2ho Slight

0P 12 . 200 No s

13 2ho Yes
23 8 200 No i

9 240 No
\

ol - 10 200 . No

11 23 1) No




JVIII.

IX.

THE SALEM PLAN, | .

i

The -original design of the Salem feedwater piping adjacent to the
steam generator nozzles consisted of horizontal piping runs of
from 8 to 13 feet (measured from the steam generator shell 0.D.)
As discussed in Sections III and IV of this report, water hammer
magnitudes can be reduced to acceptably low values by minimizing
the length of the horizontal feed pipe run adjacent to the steam
generator nozzle., As such, the Salem feed pipes were modified
using two h50 elbows in each line to provide a 6-inch loop seal
immediately adjacent to each feedwater nozzle.. This modification
reduced the straight run of pipe subject to draining to approxi-
mately h—feet, and hence has brought the expected magnitude of
any water hammer events to within acceptable limits.

It is intended to follow the Doel type vent modification tests
quite closely. Should they prove successful at precluding water
hammer, it is expected that similar modifications would be made
to the Salem steam generator feed water spargers in a timely
manner., Should they not prove successful, serious consideration
to feed flow limitation will be given to provide a further
reduction in the probability of damage to the feed system.

REFERENCES

1. Docket 50247-219 March 12, 1974 Report of Results of
Test Program Following Plant Revisions Affecting
Feedwater Piping

- =16~




APPENDIX 1

STEAM-WATER SLUGGING IN PWR
! MATIN FEED LINES

The circumstances associated with severe feedwater line noise and
movement in some PWR plants show consistently that the steam generstor
feed ring was uncovered and drained prior %to recovering with cold
feedwater. For this reason an investigation was made to determine

the likely mechanism for the phenomenon. This investigation showed
that steam-water slugging in the feed ring and horizontal sectioans

of the adjacent feed line pipe is the most plausible cause Tor the
nolse and pipe movement., A qualitative descrlptlon of the mechanism
is provided in the subsequent discussion.

A possible feedwater line excitation phenomenon involves draining of
the feedwater ring and level inlet section of the feedwater line
following the fall of the SG liquid level below the feed ring. The
feedwater line and inlet section are {typically shown in Figures 1 and
2. DBecause the auxiliary pumps do not maintain these inlet sections
full of water, a free surface is formed which 1Is then available for
condensation of couwnterflow steam moving up through the feedwater ring
injection holes. Also, if the flow of steam is sufficlent, ripple
Tormation may be initiated on the free surface, followed by flooding .
of the cross section. This local flooding will cause isolation of

a condensing steam bubble which will then collapse, causing the high
pressure pulses characteristic of such phenomena.

In order ©o check on whether or not such a mechanism would be plausible

a simple air-water-vacuum experiment was performed. Periodic and

violent slugglng was obtained with such ease that a smaller (model

feed line of 1.0 inch diameter)glass model was constructed which could
_.be operated in a steam environment. The same behavior was observed

and the steam water slugging mechanism may be initiated in;any one of

several manners, ’

~.Referring to Figure 3, Figure 3-a shows that with the level section of

feedwater line adjacent to the steam generator about half full of cold
water a wave 1is formed at the change in cross-sectional area leading
from the Tee into tle feed ring. This wave will tend to filil the small
feed ring cross-section, either by the drag forces of the counter-

| flowing steam or by slight increases in the feed line water level.

- In any event a seal 1s effected as indicated in Figure 3~b which traps
a volume of steam in the feedwater line.

(XY
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Appendix 1 (Cont'd.)

As the trapped volume of steam continues to condense its pressure
drops drawing ‘the sealing slug back into the feed line propelled by
the high pressure S.G. steam following through the holes in the

feed ring. The final collapse of the trapped steam volume causes

a high pressure pulse to traverse the feedwater system. If the feed
flow rate is adjusted so as to produce a rarefaction  the fluid
displacement wave will move to the left in Figure 3-e while a surface
wave moves to the right preparatory to initiating the conditions of
Figure 3-a again. '

If there is no feedwater flow after slugging initiation the intensity
of the pulses will gradually diminish as the water is heated with the
attendant loss in heat transfer from the trapped vapor volume to the
feedwater. If the feedwater is increased the interface noted by the
letter "A" in Figure 3-c moves to the right and the slugging intensity
as well as time period decrease as the slug moves over shorter and

shorter distances before impact. This series of events is reversed
as the flow is decreased.

In the model tests the initial conditions were established in three !
ways. These are discussed below: ‘

1.

While the feed ring is covered with boiling water a small (or no)
feed flow 1s maintained while the water level in the model is
gradually lowered below the feed ring. Once the water level falls i
below the openings in the bottom of the feed ring steam bubbles
rise up into the feed ring fluid and condense with the correspond-
ing volumetric decrease pulling more vapor bubbles into the feed
ring. This behavior yields a relatively low level bubble collapse
"noise"” in the feed ring until the fluid is hot enough to prevent
vapor bubble condensation. At this time a steam voild accumulates
in the upper parts of the feed ring until there is sufficient wvapor
to start bubbling up into the Tee. As these steam bubbles move
from the feed ring up into the Tee and collapse measurable pressure
pulses are sensed in the feed line and, as the feed line water
leaks into the 8.G. conditions of Figure 3 are gradually obtained
with maximum pressure pulses occurring as the slug moves the
furthest distance. Observation of water hammer conditions in
plants has not revealed a similar mode of operation causing the
formation of water slugs.

If the feed ring and level section of the feed line are full of
steam and the S.G. level is below the feed ring sudden and rapid
feedwater flow may yield a Figure 3-b configuration directly with

a subsequent cycle or two of slugging before the line is full. The
pressure waves are about the same as the maximums measured in the
"normal" case discussed above. If the feed flow is low apparently
a hot stable fluid layer on the feedwater reduces the condensation
coefficient to a safe level and slugging is not observed.
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Appendix 1 (Cont'd.)

3.

If there is enough positive flow to maintain either feed ring
configuration full while the S.G. level is low then a sudden feed
flow reversal or back-draining will lead to a Figure 3-b situation
with one or two cycles of slugging. While this type of slugging
is not anticipated in actual S. G. operating practice it does
indicate the importance of properly operating check valves.
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. e APPENDIX 2
LOCATTON OF AUXILTARY FEEDWATER CONNECTIONS

The location of the auxiliary feedwater (AFW) connections to the main
feedwater line in the Salem plant have been compared to other Westing-
house PWR plants having Series 44 or 51 steam generators (Ffeed ring
type). 1In general, the AFW lines connect to the main feedwater lines

a short distance downstream of the main feedwater check valves. In
over two thirds of the plants the AFW connection is outside the
containment boundary, usually a short distance upstream of the con-
tainment penetration. In these plants the main feedwater line enters
the containment at a low elevation. Then at some point near the stean
generators the feed line rises to the elevation of the steam generator
feedwater nozzle ( 20')., The actual length of main feedwater piping
between the AFW connection and the steam generator is variable even
within each plant depending on the steam generator location with regard
to other plant layout features and whether or not the AFW connection

is inside or outside containment. Typical malin feedwater line pipe 5
lengths between the AFW connection and the steam generators where B 5
the connection is outside containment range from about 75 ft to 180 ft
(eg, D.C.Cook, 76-81; Indian Pt., 158-181). The lengths of main
feedwater pipe where the connection is inside containment range fronm
about 60 to 100 ft (Point Beach 60' - 100'; Zion, 63' - 89'). The
Salem plant reflects the typical layout in that the AFW connections
are outside containment, the main feedwater line enters containment at
a low elevation and rises about 47' near the steam generator and

about another two feed just upstream of the nozzle. The length of

the main feedwater pipe between the AFW connection and the steam
generator ranges from about 105' to 128",

The question may be raised as to whether or not the location of the AFW
connection has any bearing on the water hammer susceptability. As
noted above, the connection is invariably a considerable distance from
the steam generator and at a lower elevation. Also, the water hammer
experience to date has not indicated a sensitivity to where the AFW
connection is located. Incidents have occurred at Surry where the
connections are inside containment and relatively near the stean
generators, and at Indian Point where they are outside containment

and quite a distance from the steam generators. In addition, the
presence of cold feedwater in the horizontal main feedwater line
connected to the steam generator is inevitable at low power and hot
shutdown conditions. At normal auxiliary feedwater flows the cold
water will enter the feed ring in about two to five minutes after
system actuation. Thus, one of the conditions for water hammer will
exist regardless of the location of the AFW connections. For these
‘reasons it is concluded that water hammer is not sensitive to the
point where the cold auxiliary feedwater enters the main feedwater -
system in typical PWR plants.




