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ABSTRACT

An investigation of waterhammer in the main feedwater
piping of PWR steam generators due to water slugs formed
in the steam generator feedring is reported The relevant
evidence from PWR operation and testing is compiled and
summarized. The state-of-the-art of analysis of related
phenomena is reviewed. Original exploratory modeling ex-
periments at 1/10 and 1/4 scale are reported. Bounding
analyses of the behavior are performed and several key
phenomena have been identified for the first time. Recom-
mendations to the Nuclear Regulatory Commission are made.



EXECUTIVE SUMMARY

The feedwater spargers of Pressurized Water Reactor (PWR)
steam generators can uncover and drain during abnormal operating
transicnts such as nmain feedwater pump trips. To restore the
water l:vel and maiintain adequate heat transfer between the
secondary and primary coolant, cold auxiliary feedwater is
introduced into the main feedwater piping. This water is
normally pumped at a relatively low rate such that it flows
as a layer along the bottom of the horizontal feedwater sparger
and adjacent piping. Under some circumstances, this water
can form a slug that blocks the pipe cross section and traps
a steam void upstream. If this occurs, a rapid sequence of
events follows: the steam in the void condenses, the void
pressure decreases to near zero, the water slug is accelerated
upstream through the piping by the pressure difference acting
on it, the slug impacts the first elbow or pipe bend, a pres-
sure wave propagates through the entire piping system, and
some piping, supports or components may be overstressed.

Background

At the outset of this study, twenty incidents believed to
be of this type had been reported to the Nuclear Regulatory
Commission. These involved fifteen of the thirty-four oper-
ating PWR plants. Four of these plants had sustained extensive
permanent pipe deformation and pipe support or component
fracture or damage requiring extensive repairs. At Indian
Point #2, an eighteen-inch feedwater pipe bulged at one
location and fractured at another (inside containment) leading
to deformation of the steel containment liner from the thermal
shock of the impacting hot water. At Calvert Cliffs #1, feed-
water control or isolation valves were rendered inoperable on
both of their loops and feedwater flow control was lost alto-
gether on one loop, resulting in a rapid flooding of the vessel.

Various hardware modifications and operating procedures
have been recomuended by the PWR vendors and by U.S. and
foreign utilities. These approaches have been based almost
entirely on qualitative descriptions of the phenomena. At
various plants, pipes have been shortened, loop seals or
internal water traps have been installea, holes in the feed-
water sparger have been oriented up instead of Jown, vent holes
have been drilled in the sparger, and a maximum limit on the
feedwater flow rate has been employed.

Experience with all of these fixes has been equivocal,
For example, there was no waterhammer reported in the first two
tests of a shortened pipe at Indian Point #2, but there was a
waterhammer event inthe third test with only the pretest power




evel changed. Top discharge J-tubes have been tested success-

ully at several plants, but there was a waterhammer event
during tests of functionally equivalent internal standpipes at
Calvert Cliffs #2. Vent holes were tested successfully at
Doel #2, but not at Ringhals #2. Feedwater flow rate limits
were estarlished by tests at Indian Point #2 and Doel #2, but
the Zion plants experienced three separate waterhammer inci-
dents during the first five months of our study even though
these two plants have piping layouts that are within the
Westinghouse guidelines and plant operators were apparently
adhering to the flow rate limit recommended by Westinghouse.

Creare Conclusions

The present state of knowledge is so limited that means
to reduce the frequency or intensity of water slug impact
must be simple and overpowering in their implementation and
subject on.v to the most unsophisticated success criteria.
Available ana. tical procedures are insufficiently mature

for confidently , redicting water slug behavior in PWR systems
during abnormal operating transients.

The eleven possible combinations of the four inter-
dependent means recommended by the PWR vendors to mitigate
steam-generator waterhammer are ranked subjectively from best
to worst in Table 19 (page 218). The highest-ranked combination
18 to employ all of the recommended means, namely to: dis-
charge from the top of the feedwater sparger, make the
teedwater pip.ng as short as possible, initiate feedwater
flow as soon as possible during an event that uscovers the
feedwater sparger (with top discharge only), and limit the feed-
water flow rate until the feedwater sparger is refilled with
water. Although experience with this full combination is
very limited, even lower ranked combinations have a success-
ful operating and test history and have clear qualitative merits,
The lowest ranked approaches are the individual means alone: these
are of questionable merit and reliability.

Steam generators supplied by B&W already incorporate
the best of the approaches and implement them in a partic-
ularly positive manner. Most other new plants now coming
on stream are implementing the highest ranked approaches.
However, many operating plants presently employ lower ranked
approaches. Accordingly, the most immediate means available
to reduce the freguency and severity of steam generator water-
hammer is for operating reactors to upgrade their system within
the framework of the present PWR vendor recommendations. The
utilities decision to upgrade their approach should, however,
be based on additional eccnomic, plant operation, and safety
considerations beyond the scope of this project.
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There are many alternatives to the set of approaches pre-
sently recommended by the PWR vendors. However, these alter-
native approaches have not yet been designed, tested or
analyzed appreciably and cannot be recommended for use at
the present time. It should be recognized that the problem
is solved if the feedring does not drain so that no steam
void forms. If means are employed to supply a flow in
excess of the drainage rate whenever the stean generator
level drops below the feedring (e.g., a small pump on line
at all times, controls to ensure that existing pumps are on
before the feedring is uncovered, or the use of suitable
accumulator systems) then the feedring will not drain.

(Such approaches are practical with top discharge J-tube

systems where the drainage rate is already reduced dramatically.)
Only the reliability of such means needs to be evaluated;

further analysis and testing o{ complex hydraulic and thermo-
dynamic phenomena is unlikely tc be necessary.

Verification by tests on a fa-ility of intermediate
scale, by further analytical model de. lopment, and ulti-
mately by PWR tests, becomes increasingly desirable as lower
ranked means are employed. Indeed, one recommendation of
this report is that the Nuclear Regulatory Commission im-
mediately plan an intermediate sc2le test program that
would be expected to 1) verify present ..d alternate ap-
proaches, 2) guide and reduce the number of PWR tests
needed, and 3) provide quantitative data suitable for the
development of empirical modeling coefficients in "best-
estimate" analyses for predicting criteria for slug formation
and the characteristics of resultant pressure waves in PWR
feedwater piping systems.

Basis for Creare Conclusions

Our findings are based on a comprehensive review of the
relevant PWR operating and test evidence, a study of the
literature treating the phenomena, an examination of the few
preliminary analytical and experimental model investigations
of this problem performed previously, and our own experiments
and analyses. C(Creare has developed original analytical models
of the component phenomena and has supported the analytical
model development by experimental modeling at 1/10 and 1/4
scale. Although significant advances in understanding the
phenomena have been made, this type of work is still at an
early stage and can only be described as exploratory. Key
findings are reviewed below.
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A hydraulic instability in the feedring responsible
for water slug formation in bottom discharge systems has
been identified for the first time and supported by air-
water experiments at 1/10 and 1/4 scale and steam-water
experiments at 1/10 scale. A first-order analysis of
this instability has been developed and compared success-
fully with the quantitative data. Two other mechanisms
for water slug formation have been identified and examined.
This work demonstrates that it is possible for water slugs
to form in the feedring as well as in the feedpipe. Since
most of the drained volume is in the feedring in PWRs,
modifications that only shorten the feedpipe may be expected
to be ineffective.

Modeling experiments at 1/10 scale have explored slug
formation, motion, and impact behavior and its dependence
on feedwater flow rate, water temperature, vessel pressure,
water subcooling, noncondensible gas content, feedwater pipe
length, and sparger hole pattern and orientation. A thresh-
old flow rate below which water slugs do not form was deter-
mined as a function of water subcooling. Pressure
histories of void depressurization and slug impact over-
pressure were recorded as functions of all the above
parameters. A major empirical finding was that the combination
of top discharge and a very short external run of feedwater
pipe reduced the overpressure magnitudes by a factor of 5
to 10 relative to the overpressure measured with bottom
discharge and a long pipe run. Furthermore, neither top
discharge nor a short pipe alone reduced the overpressure
magnitudes within the data scatter.

First-order bounding analyses were developed to describe
rapid steam condensation, void depressurization, water slug
dynamics, and water slug impact. Of these, steam condensation
rates are most uncertain; however, the available data support
the use of an extreme model that assumes an instantaneous
reduction cf the pressure in the void to zero. The dynamics
of water slug moticn and pressure wave propagation at impact
are then straightforward to analyze, but rely on presently
arbitrary assumptions of initial water slug size, amount of
water initially in the pipe, and so on. When the need for
such assurptions is eliminated by diiect measurements, as in
some of our experiments, the calculations agree with the data
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within the data scatter. Furthermore, the uncertainty intro-
duced by these assumptions is likely to be much less than that
due to poor prediction of condensation rates or due to related
and previously unidentified phenomena, such as the potential
for rapid condensation and depressurization on the trailing
face of the water slug, instabilities that tend to break up
the slug and three-dimensional flow phenomena at impact.

These three phenomena tend to reduce the intensity of the
waterhamnmer pressure waves,

The propagation without attenuation of pressure waves
through piping systems and the calculation of the resultant
stresses are well developed engineering disciplines. However,
the underlying physics in typical codes for the behavior of com-
plex piping systemns are limited by crude modeling assumptions
that may need to be refined to treat forcing functions of the
slug impact type. First-order analyses of simple piping systems
have been conducted as part or the present work to derive order
of magnitude estimates; to illustrate typical modeling assumptions,
and to permit comparison with the limited available pipe deform-
ation data from PWR experience.

Based on several conservative assumptions, impact over-
pressures of 16,000 psi or more are estimated, whereas
typical piping is overstressed and bulges permanently at
3000 to 6000 psi. Moreover, ASME codes specify a stress
safety factor of two or more for such applications. The
available data from exploratory tests at 1/10 scale and
vessel pressures near atmospheric pressure are a factor of
three to six below the upper limit of 2200 psi estimated
for those conditions by the same means. Therefure, there is
a preliminary indication that the present o~_.mates are auite
conservative predictions of overpressure magnitude. Bending
and other modes of deformation that depend on more complex
parameters including the pressure impulse, the piping geometry,
and the location and type of restraints must also be treated.
The predictions of highly idealized models indicate thact typical
piping systems may also be overstressecd in bending, as has been
demonstrated by the damage reported at several commercic'ly
operating plants. Empirical evidence from extensive modeling
experiments will be needed to improve the available calculation
methods.

These are the reasons that our main recommendations
are based on implementing means to reduce the probability and
intensity of waterhamu.er. Techniques are not yet available
with sufficient precision to permit confident calculations
that waterhammer will not occur in present systems, and con=-
servative calculations predict overstressing of the piping.
Therefore, the development, verification, and implementation
of simple and overpowering means has been, and s*»uld remain,
a priority item.
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incident at Indian Point #2 on November 13, 1973 [1].*

Damage on this date included a 180° circumferential fracture
of the 18 inch diameter main feedwater pipe to the #22 steam
generator at the point where the pipe penetrated the reactor
containment structure, aross thermal deformation of the metal
containment liner near this juncture due to water sprayed

from the ruptured pipe, and a large bulge in the main feed-
water pipe in the horizontal run of pipe to the steam generator
nozzle. Water level could not be reestablished in #22 steam
generator and it was isolated from the system during reactor
cooldown. Over three hours passed between the initiating event
and complete isolation of #22 steam generator.

Since the incident at Indian Point #2, and up to December

1, 1976, there have been at least 16 reported events believed
to involve water slug impact in the steam generator feedwater
systems of U.S. PWRs. At least five similar waterhammer in-
cidents were also identified prior to that at Indian Point #2
(the earliest recorded event was at Yankee Rowe in 1966),
according to the available evidence. Several waterhammer
events have also occurred at various PWR plants during system
tests intended to demonstrate the absence of waterhammer.

These waterhammer incidents are triggered by unusual
operating transients such as unexpected reactor or feedwater
pump trips, which occur infrequently and do not necessarily
lead to waterhammer. Thus, there is a considerable element
of statistical randomness about these occurrences which is
itself a major cause of present unce.tainties.

Evaluation of the safety implications of possible steam
generator waterhammer is beyond the scope of the present pro-
gram. However, it is our understanding, based on meetings held
with the PWR vendors (2,3,4] and on examination of piping and
instrument drawings, that the steam generators are typically
the only readily available means (i.e., without activating
safety systems) with adequate heat transfer capacity to remove
all decay heat in the event of a reactor trip from 100% power.
Accordingly, loss of function of all steam generators at a plant
has potential safety conseqguences requiring careful evaluation.
Moreover, there has been considerable loss of power generation
and revenue arising from plant downtime and delays due to water-
hammer events. To cite a prominent example, Indian Point #2
was not operated (except for test purposes) for over four months
foll - wing the major incident at that plant. For these reasons
there is considerable incentive to obtain a prompt and effective
solution to the "steam generator waterhammer" problem.

*Numbers in brackets designate references listed at the
end of this report.
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I S IS

A comprehensive review of the evidence available from
incident reports, published studies, and meetings between
Creare and personnel from the Nuclear Regulatory Commission,
vendors, utilities and architect-engineers is contained in
Appendix A of this report. This review is summarized in
Section 2.

1.2 Description of Steam Generator Waterhammer

Only a particular type of waterhammer event in the feed~-
water system of PWR steam generators has been considered in
the present study and will be termed "steam generator water-
hammer” throughout this report. This waterhammer is always
preceded by an unusual system transient that causes uncovering
of the feedring that supplies cold make-up water to the secondary
side of a steam generator (Figure 1).* I the water level in
the steam generator falls below the feedring, water may drain
out of the ring and allow steam to enter; in some designs it
may take several minutes for significant drainage of water from
this ring to occur. Steam entering the ring can form a layer
above the water lying, or flowing, on the bottom of the ring
and any associated piping at the same level (Figure 2). The
hypothetical sequence cf events subseguent to draining is de-
scribed below.

When cold feedwater is added to a drained or partially
drained ring it has hydraulic and thermodynamic effects. The
hydraulic effects include raising the level of water in the
piping and ring, formation of "open channel” transient waves
in the piping, and interaction with any steam flow that may
be occurring. The thermodynamic effects include thermal
stratification, steam condensation, resultant steam flow, and
changes in the average temperature of the water in the ring
and hori »nt .1 piving (Figure 3). These effects are coupled
since the steam condensation rate depends on the mixing and
turbulence occurring in the water; the steam flow itself inter-
acts with the water surface to cause waves and mixing.

A critical "event" occurs when the various disturbances
to the water surface cause it to rise locally and block off
the entire cross-section, forming a water slug and trapping
a steam void (Figure 4). Alternatively, a steam void can be
trapped when the steam generator vessel water level rises to
seal off the bottom drainage holes on the feedring. Since this
steam void is surrounded by water below saturation temperature,
condensation will occur, dropping the pressure in the void.

*In Babcock and Wilcox "once-through" steam generators
the feedwater nozzles are designed to remain uncovered during

normal operation.
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The pressure difference between the steam generator
and the collapsing void accelerates the water "slug", which
is blorking the pipe cross-section. As it moves, thic slug
scoops up water lying on the bottom of the pipe. The motion
of this slug depends on several factors such as the rate of
condensation, the water depth, the piping geometry, any vents
or other source of steam to the void,and so on (Figure 5).

Waterhazmmer occurs if the steam void collapse is rapid
enough and if the trapped steam essentially disappears. The

water slug, which may be traveling at tens or even hundreds
of feet per second, impacts on the water filling the upstream
side of the pipe and sends large hydraulic pressure waves

(possibly thousands of psi in amplitude) through the system
(Figure 6).

Damage to the piping may occur by at least two mechanisms.
The first is the local overpressure which may exceed the yield
stress of the material in the hoop direction and cause the
pipe to grow like a balloon and possibly rupture. The second
is the response of the entire piping network to being wrenched
violently by strong short impulses as the hydraulic pressure
waves travel around bends, reflect from junctions or valves
and so on.

This scenario is in essential agreement with qualitative
descriptions provided by all of the parties with whom Creare
has been in contact. It obtains support from the small scale
experiments by Roidt [5], and the diagnostic work per formed
under this contract. It must be admitted, however, that almost
no direct evidence exists for such a sequence of events in a
PWR system; it can merely be stated, at present, that if one
assumes such a scerario and develops reasonable analytical
models based upon it, the results are not incompatible with
the very limited full-scale evidence that is available.

It is clear that a sequence of several sub-events is
necessary in order for damaging waterhammer to occur. The
sequence may be interrupted if any one of the individual steps
is inhibited. Moreover, each sub-even: is a function of several
variables, including the initial condi:"ons, the system geometry
and some parameters that may be under tne control of the PWR
operator. Since plant conditions vary, it would be lucky, and
generally not to be expected in advance, if it were possible
to develop some "simple" universal descriptions of the entire
event and criteria for its severity. Before recaching conclusions
about how far the description can be simplified it is necessary
to examine the individual phenomena in detail, as we shall do
in Sections 3, 4, and 5 of this report.
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1.3 Phenomena Contributing to Waterhammer

We have found it useful to identify six separate physical
phenomena, roughly in accordance with the stages in the
scenario discussed in the previous section, which need to be
adequately understood if an analytical model is tc be developed.
These are:

1) initiating mechanisms,

2) steam void collapse,

3) water slug dynamics,

4) rressure pulses from water slug impact,

5) transmission of pressures and forces throughout the
piping,
6) mechanisms that may overstress the piping system.
Subsequent sections of this report will consider the
technical aspects of each of these categories with emphasis
on the first four items.

1.4 Summary of Results

The major results of this work in the order in which they
can be found in this report are summarized below.

Section 2, supported by the comprehensive survey in
Appendix A, reviews PWR experience. Background information
is supplied including a description of typical systems. A
comprehensive history of reported U.S. PWR operating experience
is presente in the context of a hypothetical sequence of events
during a "steam generator waterhammer" incident. Vendor recom-
mendations and plant tests are described. It is found that the
rate of reported steam generator waterhammer incidents has in-
creased since the archetypical incident at Indian Point #2 on
November 13, 1973. The vendor recommendations and their under-
lying rationale is described. These recommendations are based
largely on hypothetical descriptions of the behavior which
draw some support from very limited qualitative experiments
at 1/10-scale. Little quantitative evidence of any kind has
been developed either in subscale experiments or during PWR
tests intended principally to assist in verifying hardware or
operating procedures at the particular plants tested. Premature
tests of hardware modifications directly on PWRs without an
adequate analytical basis or confirmation on scale models has
tended to be ineffective and has reduced the credibility of
current recommendations. Current operating plants have not
adhered to the vendor recommendations uniformly and a variety
of operating procedures and hardware is currently employed.

10 14 L4 L'y







Section 4 presents the results of exploratory tests con-
ducted at Creare using 1/10 scale models of the feedwater system,
Extensive quantitative data were obtained to contribute to con-
firmation of analyses. Overpressures up to 700 psi and 1300 psi
respectively were recorded in experiments with system pressures
of 16 psi and 75 psi. Flow visualization was per formed using
transparent test sections in order to identify the mechanisms
of slug formation during these tests and to measure slug velocity
using high speed motion picture films. Extensive quantitative
hydraulic and two-phase flow data were alsc established by ex-
periments at Creare using a l/4-scale model of a feedrina in
an air environment. Empirical curves were developed to delineate
the threshold flow for sluy formation as a function of water tem-
perature, system pressure, and feedwater sparger geometry. The
effects of noncondensible gas content were investigated. Experi-
ments with various hardware modifications recommended by the
vendors for use in PWRs demonstrated that while top discharge
alone did not prevent waterhammer, it tended to suppress slug
formation somewhat even in initially drained systems (it in-
creased the threshold flow rate by 50%). A shortened feedwater
pipe alone reduced slug impact overpressure only 20%. Top dis~
charge and a shortened pipe were much more effective together
than separately; in combination they reduce slug impact over-
pressure by a factor of 5 to 10 and appreciably reduced the
frequency of slug impact occurrence in our exploratory experiments.

Section 5 presents new analyses and rhenomenolcgical de-
scriptions developed by Creare. The calculations are compared
with the data described in Section 4. A previously unsuspected
hydraulic instability stemming from feedring hole effects and
multiphase flow interactions in the feedring was identified con-
clusively during the tests. Analysis of this instability led to
a quantitative hydraulic criterion for slug formation that agreed
with our air-water data within + 10%. This part of the work
demonstrates that it is likely for water slugs to form in the
feedring (as well as the feedpipe) and explains whky shortening
the feedpipe (alone) was ineffective in our experiments. Pre-
dict’on of condensation rates introduced significant uncertainty
into the extension of the hydraulic analysis to predict our steam-
water data; the analysis and data agreed within a factor of two.

A first-order analysis was also conducted of a countercurrent flow
instability that mighc cause slug formation in the feedpipe (partic-
ularly in top discharge systems where the hydraulic instability i3
suppressed). First-order analyses of void collapse, slug
dynamics, and slug impact were conducted and the calculations

were compared with the available data. A simple model assuming
that the condensation rate is limited only by compressible gas
dynamic behavior in the void (in essence a sonic velocity limit)
is appropriate to describe the depressurization recorded at
Tihange, but overpredicts the rate of depressurization in our
experiments at 1/10-scale by a factor of five. Using the actual
pressure measured in the void, the calculated slug motion and







2 PWR EXPERIENCE WITH STEAM GENERATOP WATERHAMMER

This section of the report summarizes the comprehensive
review of the available evidence from PWR operating and test
experience that is provided as Appendix A of this report.

Vendor recommendations and utility actions on means to mitigate
steam generator waterhammer are evaluated based on PWR experi-
ence. Quantitative evidence potentially useful for confirm-
mation of analytical models is identified. The reader familiar
with the background of this problem may wish to proceed directly
to the conclusions derived in Section 2.6.

At the outset of the present study, Creare was supplied
with the extensive body of relevant evidence available to
the Nuclear Regulatory Commission,Division of Systems Safety.
In addition, meetings were held with each of the PWR vendors
[2,3,4], and with various utility, plant, and A/E personnel
in order to ensure that Creare was awaire of virtually all
documentation of PWR experience, analyses, and scale .iodel
studies of the behavior. Needed documents were obtained.

A "position statemenc" was solicited and obtained from each
PWR vendor. This documentation is sumrarized here to provide
a comprehensive base for this and future work.

2.1 Steam Generator Waterhammer During PWR Operation

Relatively little attention was given to the occasional
reports, during the first roughly 100 reactor-years of com-
mercial operation, of minor pipe support damage and pipe
deformation due to waterhammer in the secondary coolant system.
"Bumping"” and audible, but non-damaging waterhammer are events
that are routinely tolerated in steam-water systems ranging
from home radiators to nuclear power plants. However, incidents
involving appreciable pipe deformation and support damage in the
last four years (roughly another 100 reactor years of commercial
operation) have demonstrated generic phenomena with significant
economic and potential safety consequences. This experience is
summarized in Tables 1 and 2.

Although the survey and technical work in this report is
limited to behavior in PWR steam generators, it is important
to appreciate that similar phenomena may occur in other com-
ponents or in Boiling Weter Reactors (BWRs). To illustrate
this and to provide a broader perspective on the present in-
vestigation of phenomena, some of the¢ reported incidents in
BWRs are listed in Table 3.
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TABLE 2
U.S. PWR EXPERIENCE WITH FEEDWATER/STEAM GENERATOR WATERHAMMER#*

A. Westinghouse PWRs B. Combustion Engineering PWRs
Reported Reported
Plant Incidents Plant Incidents
Beaver Valley R Calvert Cliffs #1 1
Donald C. Cook 1 Calvert Cliffs #2 none
Robert Ginna #1 2 Fort Calhoun #1 ?
Haddam Neck "several" Maine Yankee 1%
Indian Point #2 1 Millstone #2 none
Kewaunee none Palisades none
Point Beach #1 none St. Lucie #1 none
Point Beach #2 none
Praire Island #1 none
Praire Iszland #2 1 C. BEN FWhe
H. B. Robinson #2 none Reported
Salem #1 none Plant Incidents
San Onofre #1 2
Surry #1 none Arkansas #1 none
Surry #2 1 Oconee #1 1
Trojan none Oconee #2 none
Turkey Point #3 1 Oconee #3 none
Turkey Point #4 2 Rancho Seco none
Yankee Rowe 1 3 Mile Island #1 none
Zion #1 1
Zion %2 5

*Source: Table 1.

**Some evidence suggests that this incident mav be due to causes
unrelated to the sequence of events termed "steam generator
waterhammer" in this report.

TABLE 3
SOME REPORTED WATERHAMMER-LIKE INCIDENTS IN BWR PLANTS

Date Plant Component Involved
May 1970 Dresden #2 HPCI Piping
May 1971 Oyster Creek #1 Containment Drywell
March 1971 Dresden #2 Containment Spray
March 1971 Dresden #2 Core Spray Piping
Sept. 1971 Dresden #2 Shutdown Coolant Piping
April 1972 Quad Cities #1 RHR Piping
June 1972 Millstone #1 LPCI Piping
Oct. 1972 Browns Ferry #1 HPCI Piping
Oct. 1912 Millstone #1 slowdown Condensor
April 1973 Browns Ferry #1 HPCI Piping
June 1973 Duane Arnold HPCI Piping
June 1973 Dresden #3 Feedwater Regulating Valve
Nov. 1974 Dresden #3 Core Spray Piping
July 1975 Fitzpatrick RHR Piping
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With the above as background, any evaluation must be
limited to very general, overall conclusions. A detailed
understanding of steam generator waterhammer behavior is not
possible from PWR operating experience alone, although it
provides some evidence for testing any speculations, and some
indication of the frequency and severity of the problem.

2.2 General Review of Action by the Industry

The previous section of this report identified a generic
problem that emerged in the early 1970's when several PWR
plants suffered pipe system deformation and component fracture
due :o feedwater flow instabilities. The nuclear reactor
industry responded to this situation in several ways. Major
programs of "research" were conducted at a few plants, notably
Indian Point #2 and Doel. Of necessity, such research using
PWRs was limited by the prime need to return the plant to
service, but the desire for safe and reliable service with
high confidence was influential in dictating careful, thorough
studies at some plants. The vendors, particularly Westinghouse,
conducted analyses and scale model studies and advised the
utilities on system design and on verification test programs.
The Nuclear Regulatory Commission has recognized the generic
basis of the phenomena and has encouraged the development of
an objective base of technical information on which strategic
decisions can be founded. The broad-based questionnaire of
May 1975, the present overall evaluation study, and internal
evaluation studies now underway, are typical of several NRC
efforts to develop generic technical information. In addition,
clear regulatory action was taken. The utilities have been re-
quired to evaluate the hardware and procedures at each operating
plant relative to the available information, and new plants
coming on stream have in addition been required to test the
hardware and procedures at those plants.

Creare is qualified principally to muke a purely technical
evaluation of the phenomena. Strategic decisions, however,
should be founded on a broader spectrum of information including
plant safety studies and cost-benefit analyses. In order to
provide a broader perspective within which the nresent work may
be viewed, the following paragraphs summarize actions and views
taken by several other informed parties.
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The several parties involved have universally indicated
that steam generator waterhammer can be tolerated without
unacceptable safety or economic consequences. The Nuclear
Regulatory Commission has permitted present PWR plants to
continue operation and has licensed new PWR plants. Each
vendor has stated that steam generator waterhammer is elim-
inated or can be tolerated as described in Sections2.3 and 2.5
of this report. A representative of each utility has stated
that steam generator waterhammer cannot occur or has been

mitigated acceptably at their plaits in their response to the
| NRC questionnaire of May 1975. Several architect engineers

have published analyses certifying that the plants under study
cannot experience waterharmer or will not exceed allowable
stress levels during a credible steam generator waterhammer
event. Thus, there is general agreement that steam generator
waterhammer does not require urgent corrective action in order
to ensure safe and economic operation of PWRs.

Differences in the views taken by the several parties
are also evident. The vendors have strongly taken the position
that the steam generator wat: rhammer problem will be eliminated
altoget.er--in the sense that any waterhammer that occurs will
not damage the pipe system or exceed allowable stress levels--
if their recommendations are adopted. Thr basis for these
recommendations has been guestioned by the NRC, however, duc to
unfavorable experience with earlier hardware recommendations
that were not clearly formulated and were adopted prematurely
without adequate confirmation. Additional questions have arisen
because adequate quantitative evidence to confirm analyses does
not exist. New plants coming on stream have usually implemented
the most generally accepted hardware configurations based on
present evidence (e.g., J-tubes and short horizontal pipe runs),
but older operating plants have tended to justify a myriad of
other hardware configurations and operating procedures rather
than incur the cost of retrofits without clear justification of
their need. Several architect-engineers and plant personnel
have guestioned the Westinghouse analysis from first principles
[5] and the Westinghouse empirical forcing function. Some architect
engineers have conducted independent analyses. In recognition
of the controversy surrounding some of the technical issues,
the Nuclear Regulatory Commission did not feel that an adequate
technical information base existed, and acted by funding the
present independent evaluation and thermal-hydraulic work as
well as comparison studies by other groups, such as an analysis

of the response of typical pipe systems to hypothetical forcing
functions.
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In the remainder of this section of the report, system
design and test experience are reviewed. Section 2.3 describes
the positions taken by Westinghouse and Combustion Engineering
and their supporting rationale. Section 2.4 summarizes the
results of tests of PWRs supplied by Westinghouse and CE.

B&W steam generators differ significantly in design and are
discussed separately in Section 2.5. A summary and evaluation
of the vendor recommendations relative to the evidence is
supplied in Section 2.6.

2.3 Westinghouse and Combustion Engineering Recommendations

Steam generator designs developed by Westinghouse and
Combustion Engineering are similar and are discussed together
in this report. Typical systems are described in Appendix A.
This section of the report describes the position taken by
these vendors in terms of recommended approaches to preclude
unacceptable waterhammer. Extensive discussion is supplied
herein to clarify the terse position statements and to present
our understanding of the rationale for these vendor recommend-

ations. Action taken by the utilities on these recommendations
is summarized.

Westinghouse Position

The Westinghouse position on existing feedring steam
generators was presented to the NRC and to Creare at meetings
held in Bethesda on July 23, 1976 and in Pittsburgh on
September 1, 1976 [2]. Several follow-up discussions have
been held. Certain recommendations have been quantified in
the earlier Westinghouse bulletin by Bennett (7). The Westing-
house position is:

1) "Maintain adherence to main feedwater pipe layout criteria.

2) a) Administrative or autc control to limit auxiliary feedwater
flow rate is satisfactory or,

b) The addition of J-tubes to feedwater ring replaces the
need to limit auxiliary feedwater flow rate.

3) Feedwater/steam lines design should consider the effects of
waterhammer,"

It is our understanding that thls position is taken on
"existing" steam generators now in operation (or planned) as
distinct from future "preheat" steam generators. Although
similar phenomena are expected to be involved, fundanentally
different and as yet unknown effects may occur in the new
"preheat" steam generators.




Pipe Layovt Criteria

The Westinghouse Technical Bulletin by Bennett [ ]
provides sketches, shown as Figure 7 of this report, of several
possible arrangements including downward facing elbows, loop
seals and pipe elevation changes with the common objective of
minimizing the horizontal run of pipe just outside the steam
generator. A maximum permissible runof eight feet is indicated.
Tre pipe layout guidelines are simply intended to minimize
trhe length of pipe that can drain through the feedring.

Throughout this report the Westinghouse definition of
horizontal pipe run dicated on Figure 7 has been adopted. The
length o horizontal feedwater pipe (exclusive of the feedring)
inside th® steam generator is approximately two feet in both
Westinghouse and Combustion Engineering steam generators.

There is a broad gualitative basis for minimizing the
horizontal run of piping. An analysis of steam void collapse
and a subscale model test reported by Westinghouse [5] both
indicate that the overpressure at slug impact tends to increase
as the length of drained pipe is increased. Rudimentary analyses
and scale model data presented in Section 4 of this report display
a similar effect. Creare knows of no analytical or test basis
for the specific eight foot limit recommended, however. It is
our understanding that an early survey of ‘ncidents by Westing-
house indicated that there had not been any incidents in systems
where the horizontal run was less than eight feet. (This is
no longer true.) On the basis of the evidence, we feel that a
fairer statement of the present Westinghouse posit on is that
the horizontal run should be kept "as short as possible". Un-

fortunately, no one is yet in a position to indicate what is
"short enough".

Evidence of misinterpretation of the analytical basis for
the Westinghouse recommended limit to an "eight foot horizontal
run” is available in several documents issued by the utilities.
Typical of these is the statement made in the Point Beach
response to the NRC questionnaire:

"1 e length of the horizontal steam generator inlet pipe for
Point Beach feedwater piping is shorter than the maximum
allowed, which will prevent shock wave propagation from
exceeding the allowable limits."
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Feedwater Flow Rate Control

Based on the Westinghouse bulletin by Bennett [7], this
recommendation is in essence a "threshold-flow" requirement
that the auxiliary feedwater flow rate to any steam generator
remain below 150 gpm whenever the water level in that steam
generator drops below the feedwater sparger. No requirements
on other parameters such as steam genera“or pressure, the rate

of change of flow rate, or feedwater temperature have been
stated.

Many phenome > can be speculated and qualitative arguments
can be invoked ‘0 suggest that if the feedwater flow rate is
low enou jh, a water slug may not form. Assume that the feedring
has drained and accept for the moment that the flow rate is so
low that the pipe is ounly partially full of water. Imagine
that the incoming water is raised to saturation temperature at
equilibrium by condensation of steam. Then the steam flow rate
is proportional to the water flow rate. Accordingly, the growth
of wave instabilities due to countercurrent flow of steam over
the water layer can be suppressed by supplying sufficiently
low water flow rates, due largely to the concomitant reduction
in steam flow within the feedring. Further, the water flow rate
has hydraulic effects: the water level in the sparger is higher,
which provides a greater heat sink for condensation. More dis-
charge holes in the sparger tend to be covered at higher water
flow rate. Finally, the rate of water level rise in the steam
generator vessel and the distribution of water temperature in
the sfarger and the vessel depend on the water flow rate.

| It is our understanding that such qualitative arguments

| led to the Phase II tests at Indian Point #2 which were con-

| ducted over a range of auxiliary feedwater flow rates from 75

| to 240 gpm. (Available PWR test evidence is summarized in

| Section 2.4 of this report.) In brief, there were two water-

} hammer events recorded out of four tests at 240 gpm and no
waterhammer events recorded in nine tests at 200 gpm and below.
According to Bennett [7], the 150 gpm limit is based on these
data (with a 50 gpm safety factor).

At the meetings with the vendors, we were told that
there were no analyses conducted prior to the present study
in order to determine a threshold flow or identify the relevant
physical mechanisms of the many that might be involved.
Relevant dimensionless parameters (i.e., scaling laws) had not
| been identified and other potentially relevant parameters such
| as water subcooling, feedwater flow rate transients, system
| pressure, or pipe size had neither been identified comprehensively
nor quantified in any published report prior to the present work.

One difficulty with applving a feedwater flow rate limit
is that the present threshold flow, even if supplied to all

loops, is less than the flow required to remove decay heat at
several plants.
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Top Discharge Devices

This generic term indicates means by which the feedwater
is constrained to flow from the top of the feedring. J-tubes
in conjunction with plugging the bottom discharge holes are
one such device. A typical arrangement is sketched in Figure 8,

The main rationale for top discharge is that in the event
that the water level drops below the feedring, the J-tube design
might ideally prevent the feedring and adjacent horizontal feedpipe
from draining and thence prohibit steam from entering the ring.
Figqure 8 shows that the J-tubes (or a comparable top-discharge
pipe) are necessary to accomplish this. If top discharge holes
are employed alone (i.e., with bottom holes plugged but without
J-tubes), then the upper part of the feedpipe can drain rapidlv.
In this report "top discharge” means, 1) plug the bottom holes,

2) drill top holes, and 3) install top discharge pipes (e.qg.,
J‘tubeS) .

Some drainage occurs in practice because all Westinghouse
(and Combustion Engineering) feedrings have a built-in leak at
the thermal sleeve where the feedring assembly 4ioins the feed-
pipe. (This sleeve is intended to accomodate thermal and pres-
sure expansion.) Thus, the J-tube modification can only reduce
the drainage rate, not prevent drainage. A guantitative estimate
of leakage rate is needed in order to determine the steam void
that might develop during various hypothetical operating transients.

Unfortunately, critical data are lacking to quantify the
possible range of leakage rates or even the sleeve clearance
geometry. Although "shop floor" dimensions and tolerances are
available for the cold metal assembly, the actual clearance gap
under hot, pressure conditions can only be estimated.* Futher-
more, the clearance gap may either erode or plug up due to
chemical action and deposits. Up to December 1, 1976 direct
measurements of feedring leakage rate had been made (and re-
ported to Creare) only during cold shut-down sonditions at one
plant (Indian Point #2). These measurements and our analysis of
feedring hydraulic behavior and leakaae rates are given in Section
5 of this report. 1In brief, without reedwater flow a normal bottom
discharge feedring is likely to drain more than halfway in only ten
seconds, whereas a top discharge system should remain largely un-
drained for a minute or more and may recuire ten minutes to many
hours to drain almost fully, depending on a clearance gap that
cannot be specified with any confidence.

The reduction in drainage rate possible with a J-tube
system is potentially significant because it may greatly de-
crease the size of the steam veid developed in the feedwater
system during the anticipated time regquired for the automatic
control or operator to respond and reestablish feedwater flow.

*Calculations have been reported to Crear. .rformally by
personal communications with C. Fredricksen, Nuclear Plapt $afety,
Westinghouse Electric Corporation, January 12, 1977. Thlg 1pfor-
mation is supplied in Section 5.1 where a drain je analysis is
deve loped.
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Because quantitative information is lacking, it has been the
policy of the Nuclear Regulatcry Commission to require a two
hour drainage period in tests of PWRs with top discharge systems.
It is expected that two hours is a very long time period relative
to operator response and is probably long enough to drain the
feedring fully.

The J-tubes may serve other functions in addition to de-
creasing the feedring drainage rate. For example, qualitative
arguments can be invoked to suggest that the J-tubes will act
as vents. (Indeed, literal vent holes in the top »f the feed-
ring have been suggested previously as a fix.) Vents may
permit steam to enter the feedpipe between the water slug and
the upstream wate:s column as suggested by Figure 5. This
effect, if it occurs, is expected to suppress slug formavrion and
to decrease the rate of steam void collapse dramatically; vents
can thereby prevent slug impact or reduce the slug velocity and
subsequent impact pressure. The vendors [2,3] were unable to
describe or identify any analysis or scale model study of this
possible vent effect, however. PWR tests have been run in
systems with top discharge devices and in bottom-discharge
systems with vent holes, as described in Section 2.5 of this
report.

Since in a top discharge system the feedring te: to
refill before appreciable water is supplied to the vr sel,
any effect of rising water level blocking off holes to trap
a steam void is expected to be eliminated by a top discharge
system.

Feedwater Piping Design

The criterion that the "feedwater/steam lines design
should consider ‘he effects of waterhammer" is the last recom-
mendation made by Westinghouse. The Westinghouse bulletin by
Bennett (7] clarifies the intent of this recommendation.

"Although the control of feedwater flow below the waterhammer
threshold when the feedring is uncovered should minimize water-
hammer, methods by which feedline waterhammer can be completely
prevented have not been verified, Thus, a low number of water-
hammer events should be anticipated, and an evaluation of the
effect on the structural capabilities of the system may be re-
quired. An important input to these analyses is the waterhammer
forcing function. The forcing function is a time dependent
mathematic quantity representative of the energy released by
steam water slugging (waterhammer) in the feedwater piping con-
nected to PWR steam generators. In order to provide an estimate
of the energy released, an elemental forcing function is being
developed. The forcing function provides a typical time history
of the pressure which results from the acoustic shockwave generated
by a steam water slug.

¢ Lo I.'A s
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function developed by Roidt in Reference [5] is inadequate for
use in designing PWR piping systems. However, that fact is
not made clear in the analysis report itself ard has led to
wide spread misinterpretation by utilities and architect

engineers. (The Roidt report is critigued in detail in
Appendix B of this report.) No analysis reports subsequent
to the January 1975 Roidt report (5] have been issued by
Westinghouse up to January 31, 1977. The point here is that
no forcing function developed from first principles is pres-
ently confirmed and mature enough for use in the design of
PWR piping systems.

An alternative approach is to provide an empirical
forcing functior, such as the one recommended by Westing-
house to Bechte. in Auqust 1975 [8]. Unfortunately, the
wailable data ar> so limited that there is no hope they are
representative of anything near a credible, severe impact.

To our knowledge, high response measurements of the pressure
transient asvociated with impact have not been made during

a damaging ircid2nt in any PWR prior to January 31, 1977.

High response pressure, acceleration, and strain measurements
have been recorded a:. Indian Point #2, Trojan, Tihange, and
Doel. With the exception of one measurement at Tihange, all
the data exhibit mild pressure fluctuations of only a few
hundred psi or less (most of the data indicate nothing at

all). It is concluded that tlese were very mild waterhammer
events useless for the purpose of deriving a strictly empirical
forcing function representative of severe impacts. {(These

data may be useful to help verify analytical models of the

slug behavior.) During the only severe pressure excursion

ever recorded--the non-damaging incident at Tihange--the two
pressure transducers failed, apparently due to overpressure.,
The detailed test data is summarized in Appendix A. The point
here is that the evidence is insufficient to permit construction
of any realistic empirical forcing function.

Therefore, the information available up to January 3 77
does not supply a credible forcing function useful for the
design of PWR feedwater piping systems. Accordingly, the
Westinghouse recommendation--that the utility (or A/E) can
analyze the piping to ensure that stresses in the piping
gystem will remain within allowable limits--lacks a
critical component and cannot be effected at presented.*

*Some of the general charac“eristics of the forcing function
can be described qualitatively based on available analyses and
data. For example, the pressure pulse is likely to hav': large
amplitude (thousands of psi) and sk~ ‘uration (milliseconds).
This information is of some use to .ect-engineers in order
to identify the types of restraints n ued (e.q., axial rather
than perpendicular to the pipe) and to identify weak points in
the system. Competent absolute prediction of the worst credible
event is not possible at present.
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Combustion Engineeriny Position

“he Combustion Engineering Position on feedring steam
cenerators was presented to the NRC and to Creare in a
meeting at Windsor, Connecticut on September 22, 1976.
Several follow-up discussions have been held. The Combustion
Engineering position on measures to prevent waterhammer is

1) “Top discharge holes on the feedring reduce frequency of
preconditions for initiating waterhammey.

2} A downward sloping 90° elbow fror the steam generator
feed nozzle reduces consequences o. waterhammer.

3) In-plant testing indicates that a 90° elbow induces mild
and acceptable waterhammer. For current plants, this
configuration is required.

4) For existing plants, with long horizontal runs, 2-fold
action is recommended:

a) in-plant testing to validate procedure for restoration
of water level following feedring exposure,
b, implementation of procedures in plant technical

specifications.”

This position statement is similar to the Westinghouse
position, but distinctly different in key respects. A detailed
discussion of each point is supplied below.

Top Discharge Devices

An early design recommended by Comkastion Engineering is
the "standpipe" configuration consisting of straight pipes
screwed into the bottom discharge holes and standing in the
feedring. The tops of the pipes are 0.25 inches from the top
of the feedring. This design is not literally a top discharge
device since the holes are still at the bottom. (Convenience
. in installat.cn led to this design.) However, the clear intent
! of the standpipes is to reduce the rate of feedring drainage
| in a manner similar to the J-tubes recommended by Westinghouse.
' The standpipes may also function as vents unless the bottom of
the feedring is covered by water. It should also be noted
that all Combustion Engineering feedrings have one to three
1.0 inch top vent holes, one of which is at the tee with the
feedpipe.

they permit part of the feedpipe to drain rapidly. (So do the
vent holes.) Further, in the event that the top half of the
feedriny has been uncovered for a long time so that the ring will
have drained half-way (through the thermal sleeve), the J-tubes
might work as vents whereas the standpipes would not. This

l second difference is minor, however.

|
l
|
I
| The standpipes are less effective than the J-tubes because
t
I
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At this writing, the standpipe design has beer rejected
by Combustion Engineering and the three plants with standpipes
installed (Calvert Cliffs #2, St. Lucie #1 and Millstone #2)
have removed or will remove them. Operating experience at
St. Lucie revealed that three standpipes failed in service.
The Combustion Engineering evaluation of these failures im-
plicated fatique due to water flow induced vibrations en-
countered in normal operation (rather than slug impact failures.)
Creare has no reason to donbt this evaluation, but has not in-
dependently evaluated the cause of standpipe failure during the
present study becaitse this w2sign will not be used in the future.

Alternative top Jdischarge designs are presently being
evaluated by Combusrticn Engineering. It is our understanding
that pricr to December L, '476, a system similar to the J-tubes
had been inscalled at some, but not all, of the ~lants that had
standpipes previously.

Since top discharge devices merely "reduce the frequency
of preconditions for waterhammer", tnese devices are clearly
not taken to be an absolute fix in the Combustion Engineering
position, in contrast to the stated Westinghouse position.
However, tre view expressed at the meeting [3] was that top
discharge devices should be expected to reduce the frequenc
of waterhammer incidents dramatically, perhaps to the point
where this type of incident will no longer be a problem.

90° Elbow at the SG Nozzlie

The installation of a downward sloping 90° elbow from the
steam generator nozzle is equivalent to the Westinghouse recom-
mendation that the horizontal pipe run from the nozzle should be
minimized. No other pipe configurations are specified in the
CE position although other configurations may have a comparable
or superior effect.

Again, the qualitative effect of "reducing consequences"
is stressed and there is no guantitative evidence that the
potential impact pressures are low enough that pipe system
stresses will remain within allowable levels.

Operating Procedures

It is our understanding that the present interpretation
of "operating procedures" is entirely general. If a utility is
not willing to install top discharge devices and 90° elbows,
their alternative is to establish their own means to preclude
unacceptable waterhammer.
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The Combustion Engineering position is that any procedure
proposed by the utility should be tested and that the procedure
should be implemented in the piant technical specifications.
One difficulty in this approach is that it is impossible to
test any procedure or design under all potential operating
conditions. Excessive testing of PWRs is also undesirable
on economic grounds and because such testing raises the
probability of incidents. Specific details of the Combustion
Engineering view of necessary test compromises are unclear.

To our knowledge, neither Combustion Engineering nor Westing-
house have published any document recommending general test
guidelines, procedures or criteria although this subject was
discussed at meetings held with Creare and it is our under-
standing that Combustion Engineering personnel have advised
utilities when requested to do so.

Creare presents general test guidelines in Appendix C
of this report.

Combustion Engineering Analyses

At the meetings with Creare [3], Combustion Engineering
personnel presented analyses comparable in scope and assumptions
to those published by Roidt of Westinghouse [5]. The individuals
responsible for these analyses stated their opinion that their
analyses were at too early a stage of development to warrant
publication., CE personnel pointed out strongly that they felt

that these analyses were insufficiently mature for application
to PWR systems.

Utility Action on Vendor Recommendations

The commerical plants supplied by Westinghouse and Com-
bustion Engineering have generally not made piping modifications
since the incident at Indian Point #2. The status of currently
operating plants with respect to the major hairdware and pro-
redural recommendations of the vendors is presented in Table 4

based primarily on responses to the NRC questionnaire of May 13,
1975.

In brief, the description indicated in the utility responses
of the overall status of each of the 28 presently operating nlants
(supplied by Westinghouse or Combustion Engineering) with respect
to means to preclude unacceptable waterhammer is:

® gix plants had J-tubes installed or planned, two of
these also have a short horizontal pipe run),

four plants had installed or planned to install
standpipes,
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®* nine plants had indicated short horizontal runs of
piping within the Westinghouse eigh* foot guideline,

two plants were indicated to be acceptable based on
plant history,

three plants were indicated to be acceptable based on
analyses,

the overall status of four plants was unstated or was
under evaluation (these plants have short to moderate
horizontal pipe runs and at least three plants have
flow limits in effect).

Because the information in Table 4 was approximately a
year and half old, and because several statements were vague
or absent, an informal survey was conducted by the NRC in
November 1976 and was supplemented by informal discussions
with vendor and plant personn:- 1. This survey is reported
in Appendix A and the most current assessment of plant overall
status is listed below (for 29 plants):

* 4 plants have J-tubes installed. Of these, 2 plants also
have short horizontal pipe runs within the Westinghouse
guideline, ard 3 plants are in addition applying a flow
limit of some kind.

®* 4 plants still have J-tubes planned. In the interim, these
plants are relying on feedwater flow limits with bottom
discharage.

2 plants that previously had standpipes are also expected to
empioy J-tubes. In the interim one plant is using a flow
limit and the other still has standpipes.

9 plants with bottom discharae employ a limit on the maximum
feedwater flow when the feedring is uncovered. 7 of these
plants also have a short horizontal pipe run within the
Westinghouse guideline.

2 plants with bottom discharge (Calvert Cliffs #1 and #2)
employ a limit on auxiliary feedwater from a separate
auxiliary sparger such that the water level in the vessel
rises less than 1.2 inches per minute.

6 plants with bottom discharge have only a short pipe run
within the Westinghouse guideline and do not employ a feed-
water flow limit. One of these (Yankee Rowe) has over 10
years of favorable plant history.
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* 2 plants with bottom discharge have long or unknown
horizontal pipe runs and do not employ a flow limit.
One of these (Palisades) has the longest installed pipe
run of any PWR (28 feet), but has not reported any water-
hammer incidents in over four years of commerical operation.

Clearly, the situation is still in a state of flux and
periodic surveys will be required to maintain an accurate
and up-to-date information base.

The plants now being brought into commerical operation
will generally incorporate the current vendor recommendations
vf top discharge from the feedring and short horizontal
Pipe runs. Some of these plants and most proposed plants not
yet under construction are expected to employ steam generators
of the "preheat" or "economizer" type now under development
and test. New effects involving similar phenomena should be
anticipated in these new configurations

2.4 Summary of PWR Test Experience

Over 30 full-scale tests have been conducted, largely to
verify the hardware and operating procedures at six of the 28
U.S. commerical operating PWR plants supplied by Westinghouse
or Combustion Engineering. At least 20 more tests at three
foreign plants have been reported. ™he evidence from these
tests is summarized in Table 5 and is reviewed i- the context
of PWR operating experience in Section 2.6 of th:s report. A
detailed review of each of these tests is given ;n Appendix A
of this report.

In the course of verification testing at least fcur of
the plants were instrumented entensively. Unfortunately,
such instrumentation has had little pay-off to date. The
only compelling quantitative evidence is the Tihange depres-
surization history (prior to the failure of the two pressure
transducers) during one non-damaging waterhammer event at that
plant.

The one test of steam generator waterhammer conducted
on a PWR plant supplied by B&W is not included on Table 5.
It is discussed in the context of B&w system design in the
following Section 2.5.
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e Phase 11

e Phase 111

Trojan
s Subcritical

* decay heat

Calvert Cliffs #1

Calvert Cliffs #2

St, Lucie ¢l

Millstone #2%
Tihange #1

Doel
¢ vVented

* unvented

Ringhals»
* Vents

* J-tubes

TABLE 5
TESTS AT PWRs SUPPLIED BY WESTINGHOUSE OR CE

INSTALLED HARDWARE

Prelest Feedwater
FPeedring Horizontal Peedz:nq Flow Numk 'r
Pipe Run(s) Draining Rate of
Feedring (feet) (Minutes) (GPM) Tests
Bottom
Discharge 7,4 12,10 = 1 ? 3
Bottom 75, 160
pischarge 7,4,1% 10 4 200, 240 13
J-tubes 7. 4,12, 10 10 (Tynp) + 140(2) 7
30 (Max)
J-tubes = 3 1 to 120 220, 440 L]
J-tubes L] 30 275 1
Bottom
Discharge 10, 10 30 to 100 = 175 2
Standpipes 10,10 60 600 (2?) 1
Standpipes > 0 136 300 1
Standpipes 13 o0 ?
Bottom
Discharge A ? 176* ?
Bot tom
Discharge 50 7 15 to 530 15
Bottom
Pischarqge 50 ? 65 to 260 S
Bottom
discharge 8{2) ? : 200 1 (2)
J=-tubes #{2) ? ? ?

Reported
Test
Results

Non-damaging water-
hammer at 35% power

Two non-~damaging
waterhammer events
at 240 gpm

No Waterhammer

No waterhammer
No waterhammer
Noise (Separate
Auxiliary Feed)

Non~-damaging water-
hammer (SGC Pressure
= 145 psig)

No waterhammer
No waterhammer

Non-damaging water-
hammer

No waterhamer

2 non-damaging water-
hammer events at
260 gpm

waterhammer (?)
No waterhammer (?)

*
Based on informal discussions.
or is incomplete in significant respects.

Documentation of these tests

is upavailable to Creare
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2.5 B&W Supplied Systems

It is helpful to examine the design features of steam
generators supplied by B&W because these systems have been
relatively tree of steam generator waterhammer.

The position stated by B&W at the meeting held with the
NRC and Creare [4] is:

Destructive waterhammer does not appear to be a credible phenomena in
B&W plants since:

1) "The B&W steam generator/feedwater systems are designed to eliminate
causes of waterhammer,

a) Geometry of feedwater inlet piping prevents steam from entering
the pipe.

b) Mechanisms for collapsing the small amounts of steam are
minimized:

® Auxiliary feedwater injection directly on steam generator

tubes rather than into feedwater lines.

® Modulated main feedwater flow control using cascaded 6"

and 16" flow control valves.

2) Waterhammer has not been detected in operating B&W plants with the
exception of the Oconee problem which was corrected."™

The B&W "once through steam generator" (0OTSG) is described
in Appendix A. 1In brief, separate external rings are supplied
for each of the auxiliary and main feedwater piping. A set of
connecting pipes emanates from the top of each ring header
and attaches to a set o’ steam generator nozzles (32 for main
feed, seven for auxiliary feed'. The feedwater piping connects
to each ring header at its lower surface and effectively forms
a trap to prevent direct drainage into the steam generator
vessel.

Considerable emphasis was placed in the meeting on the
fact that precisely the phenomena involved in steam generator
waterhammer were considered (at least qualitatively) during
the initial design stages of the B&W OTSG.

Main Feedwater System Drainage

The B&W generic position is based primarily on the assert-
ation that the main feedwater piping will always be filled with
water right up to the nozzles and hence no steam (or negligible
quantities of steam) can be trapped in the pipes. The nozzles
are uncovered during normal operation and the main feed system
was clearly designed to prevent appreciable draining into the
steam generator due to uncovered nozzles.




During normal operation there is also a steady flow
through a one inch bypass pipe which is sufficient to main-
tain the system nearly full. It was indicated at the meeting
[4] that an estimated flow of 30 to 50 gpm is supplied through
this pipe. That would be expected to keep the ring header
and vertical portions of the connecting pipe full, but is
not sufficient to run the (32) norizontal piping sections full.
Thus, there is likely to be a small steam bubble lodged in
the end of the pipes if main feed flow is secured.*

The B&W design is functionally equivalent tc Westinghouse
J=-tubes, but is much more positive in its execution. Specif-
ically, there are no built-in leaks and all joints are exposed
for easy verification. Moreover, the main feedpipe joins the
ring header from below in such a way as to form a trap that
acts to prevent drainage into the vessel.

During occasional abnormal conditions involving a loss
of main feedwater flow, at least one check valve is available
to prevent backflow and reverse draining of the system.

A prominent quest’on concerns anticipated system performance
in the event of an una.ticipated and relatively unlikely occur-
ence such as the check valve leak to the ambient environment
that occurred at Surry #1 (a Westinghouse supplied plant) on
October 1, 1972. Alternatively, an improperly closed check
valve subsequent to a main feed pump trip in conjunction with
a pressure differential between two steam generators could
establish a backflow. (Note, however, that any such differential
pressure will usually be small since the steam generators are
coupled on the steam side and the steaming rate should be low
in these circumstances.) These and other relatively unlikely
means can be postulated to cause back draining of B&W systems.

Feed System Design Features if Drained

For the purpose of discussion, it is postulated that the
main feedwater system has drained or partially drained at the
time that main feedwater flow is reestablished. Under these
unlikely circumstances the potential exists for a water slug

*No guantitative analysis was presented (4] to demonstrate
that forces generated by collapse of the small steam bubble
that could be trapped in the end ~f the connecting pipes could
be neglected althocether. We believe that this is likely to
be the case. However, the potential for mild waterhammer
stemming from bubble collapse should be appreciated in the
planning and execution of any tests.

37 1 L1 &




to form and trap a steam void anywhere in the piping system
and whether or not this occurs will depend on the detailed
timing and transient rate of main feedwater flow and on the
pipe system layout. To prevent this positively (if drainage
is detected) the drained region should be isolated and the
plant returned to "cold" conditions.

If such drainage is limited to the region near the steam
gencrator, however, the B&W design has several features that
may suppress slug formation. The ring header is a "clean"
design that is vented regularly along its entire periphery
by the connecting pipes. The feedpipe connects to the ring
header in a vertical run which also acts to suppress slug
formation. There is no horizontal pipe run (connected
directly to the ring header) for a void to be trapped in if
a slug forms in the ring or pipe tee.

When auxiliary feed is employed to refill the steam
generators, the main feedwater nozzles are sometimes recovered
by the rising water level in the vessel [4]. 1In the unlikely
circumstance that the main feedwater system has previously
drained, this action can trap a steam void in the main feedwater
piping. The water in the vessel and that remaining i1 the main
feedwater piping will tend to be hot but somewhat sub noled.
Whether or not a slug will form or the void will collapse
potentially depends on several interacting phenomena and para-
meters and cannot be established definitively by qualitative
arguments.

Thus, even in the highly unlikely event that the main
feedwater system has backdrained, the B&W design exhibits
features that are superior to Westinghouse and CE systems as
means to suppress slug formation and reduce slug impact in-
tensity.

Auxiliary Feedwater System

A steam void will usually exist .n the auxiliary piping
due to evaporation [4]. Thus, when auxiliary feedwater is
established there is the potential for slug impact and water-
hammer in the a.viliary feedwater piping system. The question
here is how extensive such evaporation can be and what region
might be affected. We suspect that this effect may be slight
if there is any reasonable heat transfer from the auxiliary
feedring header to the ambient environment. However, infor-
mation needed to establish the actual situation is unavailable
to Creare.




Operating Experience of PWRs Supplied by B&W

Several plausible, but unlikely, circumstances have
been postulated which might cause slug formation leading
to waterhammer in B&W steam generator feedwater systems.
In fact, such an event has been reported only once at a
plant (Oconee #1) supplied by B&W. In this instance, the
steam generator pressure was near atmospheric pressure
(reactor coolant temperature was 275°F, during reactor

start up) and only a mild impact would be expected. No
damage was reported.

The essence of the situation is that during reactor
start-up the main feedwater control valves intermittently
open and close during start-up so that is possible for a
steam void to form. The specific means by which a steam
void micnt have been formed and trapped are not specu!l . ted
on in the brief statement by the utility (9].

To prevent suchk an incident from recurring a :=aall (one
inch) bvpass line is employed at all B&W plants t maintain
at least a small flow (> 30-50 gpm) during star. up.

Tests at Oconee 81

Although Creare is aware of tests conducted at Oconee #1
to identify the phenomena in the prior incident and to verify
the procedures developed at Oconee #1, the test report is
unavailable to Creare at this writing.

Summary of B&W Experience

Although it is possibls to postulate events that could
lead to slug formation and impact in the feedwater systemg ~f
B&W steam generators, these circumstances are highly unlikely
relative to those circumstances involved in the several incidents
reported to have occurred in Westinghouse or CE steam generators.

This is a situation where A/E adhe~_.nce to vendor recom-
mendations and utility attention to proper procedures is more

likely to be important than fundamental improvement in the
steam generator design.

Uncertainties exist as described above and cuantitative
information is lacking. Some clarification on these issues
should be sought, but evaluation of systemsdeveloped by the
other vendors should be given clear priority.
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2.6 Conclusions from PWR Experience

Based solely on operating history it is possible to draw

several

termed "

very general conclusions concerning the behavior
steam generator waterhammer" in this report. The two

main conclusions are, 1) that the problem is generic, potentially
affecting all PWRs, and 2) that the problem is not yet "solved"
in the sense that there have been several incidents in the

past few years involving extensive damage to piping and pipe
system components. With respect to the latter conclusions, it
is encouraging, but by no means definitive evidence, that in
the last eighteen months such incidents have been reported

only at
unknown
and the
to draw

two plants (Zion #1, #2) which may be atypical in some
way.* The infrequence of the triggering occurrences
whimsical nature of the phenomena make it impossible
more definitive general conclusions.

Several specific conclusions on details of the events
have alsv been made:

1)

2)

3)

4)

5)

6)

The hypothetical, but generally accepted, seguence

¢ € events in a steam generator waterhammer incident--
as described for example in the Introduction of this
report--is consistent with the evidence, but the
evidence from PWR operating experience is too scanty
to afford adequate support or confirmation of detailed
hypotheses.

There are several possible precursor events such as
reactor trips or feedwate: pump trips which are un-
likely to be eliminated.

No Incident has been reported to have occurred without
ulcovering the feedring.

No incident has been reported at the high flow rates
necessary to run the feedwater pipe full.

Some incidents have occurred with reported flow rates
less than 100 gpm.

Althouga records are lacking, we believe that highly
subcoo.ed feedwater was supplied during the major
inciden-s.

*A report on the November 5, 1976 incident at Beaver Valley
1s unavailable at this writing, but is claimed to implicate
other causes than those involved in the present inguiry [10].
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7) The hypothesis that slug invact and waterhammer must
be triggered by recovery o the feedring is not
supported by the evidence. Accordingly, special
procedures designed to work only as the sparger
is recovered may be ineffective.

8) Quantitative data of any kind usefu. for confirmation
of ahalyses are very limited.

Review of Vendor Recommendations

The available operating and test experience in support
o each of the hardware or procedure recommendations made by
*ne PWR vendors is summarized below. This review is intended
to be simply an objective summary of the facts. Subjective
evaluation of these recommendations is deferred to Section 6

where the understanding of phenomena derived from our wurk
can be applied.

Top Discharge Devices. No incidents of steam generator water-
hammer have been reported during commerical operation of any
plant with J-tubes or standpipes installed. It must be recog-
nized, nowever, that such operating 2xperience is very limited,
essentially three reactor years of operation with J-tubes at
Indian Point #2 plus roughly a year at Trojan, and scattered
brief experience at eight other plants. (A report on the
experience at Ringhals is unavailable to Creare.) It has

been reported to Creare [l1l1] that in the past three years,

the feedrings at Indian Point #2 have never been uncovered

more than five minutes, and generally for much shorter periods,

during the occasional events that have uncovered the feedrings
at that plant.*

This experience speaks favorably of operating experience
and procedures at Indian Point #2, but it is therefore not
a severe test of J-tubes.

Favorable results were reported during seven tests at
Indian Point #2, nine tests at Trojan, and also at Ringhals #2.
The tests at Trojan explored the potential effects of operating
pressure (400-1100 psig), flow rate (220 and 440 gpm) and
drainaje time (1 to 120 minutes). However, Trojan has a very
short horizontal pipe run. One test in a system with a relatively
long horizontal pipe run (10 feet) was conducted at Calvert
Cliffs #2 which haa standpipes installed. A strong, but non-

*At Indian Foint #2 if a drainage period in excess of five
minutes is incuried, the operating procedures call for automatic
establishment and subsequent manual limitation of the auxiliary

feedwater flow tc 150 gpm, at least until feedring refill
is assured.

4l



damaging waterhammer was experienced. (In this instance, the
standpipes were expected to be functionally equivalent to
J-tubes.) Interpretation of this result is complicated by
the fact that the system was at lower pressure than tested
elsewher: (145 psig) and probably at higher flow rate than
tested elsewhere (600 to 1200 gpm). Favorable tests of
stendpipes were conducted at Millstnne #2 and St., Lucie #1.

The ability of J-tubes by themselves to prevent slug
formation if significant drainage has occurred is questionable
and has not been confirmed over a representative range of
feedpipe horizontal runs, operating pressure, feedwater flow,
and drainage times. The limited evidence suggests that J-tubes
tend to suppress slug formation in some circumstances, however.

The J-tubes have unquestionable merit as a means to reduce
drainage rate and as a means to ensure that the feedring refills
before the water level in the vessel rises to cover the dis-
charge holes. In conjunction with appropriate automatic con-
trols nr technical specifications to limit the drainage time,
it may be possible to limit the drained volume stringently in
most instances and thereby suppress slug formation and reduce
the ceverity of any slug impacts. Unfortunately, little
gquantitative evidence exists to establish a basis for the
prediction of drainage rate.

Short Horizontal Pipe Runs. A plausible gualitative rationale
has been developed to suggest that decreasing the length of

pipe adjacent to the steam generator (i.e., the pipe that is
susceptible to draining into the vessel, see Figure 7) tends

to reduce the severity of slug impact ard, particularly in
conjunction with J-tubes or vents, also tends to suppress

slug formation. Unfortunately, quantitative evidence from

PWR experience is lacking and only speculative conclusions can

be drawn. The best available guideline is to make the horizontal
run "as short as possible".

The four incidents involving the most pipe system damage
to date have occurred in systems with moderate to long horizontal
runs of feedpipe adjacent to the steam generator, namely Indian
Point #2 (SG22: 17 feet, shortened to four feet after incident),
Calvert Cliffs #1 (SGl12: 10 feet), Surry #1 (SGA: 10 feet) and
Turkey Point #4 (SGA: 21 feet, shortened to five feet after
incident). Although these pipe runs all exceed the Westinghouse
guideline, they are not appreciably longer than typicaly pipe runs
on present operating reactors. The system with the longest pipe
run (Palisades: 28 feet) has not yet experienced a reportable
waterhammer.
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Supposedly short pipe runs, perhaps three feet outside
the steam generator, are not "short", if the piping inside
the steam generator is accounted. Typically, this piping
includes two feet of feedwater pipe, a tee of some sort,
and a feedring that has a volume approximately equivalent
to 15 feet of 16 inch feedwater pipe in Westinghouse systems
and 30 feet of feedwater pipe in CE systems. Whether any or
all of the feedring volume should be included is controversial
and depends on the nature of the multiphase flow in the feed-
ring, particularly the effectiveness of the discharge holes
as vents. However, it is a fz-t that a major fraction of
the potentially drained system volwae resides in the feedring
and is not amenable to size reduction. We shall return to
this point in Section 4 which describes model tests at Creare.

The evidence from PWR experisnce is too limited and
scattered to support the claim that a short horizontal pipe
run will by itself mitigate the severity of slug impact ap-

preciably or reduce potential waterhammer pressures to tolerable
levels.

Feedwater Flow Limit. A plausible qualitative rationale for a
maximum limit on feedwater flow when the water level is below
the feedring derives support and quantification from 13 tests
at Indian Poirt #2 and five tests (unvented) at Doel #2. These
tests gave the consistent result that waterhammer did not

occur at either plant with auxiliary flow rates of 200 gpm,

but did occur at flow rates of 240 gpm or greater.

Several plants (Kewaunee, Ginna #1, Point Beach #1, #2,
Praire Island #1, #2) with bottom discharge and short to
moderate horizontal pipe runs have been operating at least
since mid 1975 (and generally somewhat longer) without a reported
incident. Although the overall status of these plants, as in-
dicated by the utilities (see Table 4), ranges from evaluating
alternatives to meeting the Westinghouse pipe layout guidelines,
it is our understanding from informal discussions that careful
feedwater flow control is being practiced at these plants,
apparently with some success.

Some conflicting evidence is provided by the reports of
at least two incidents involving "C" loop of Zion #2 (six feet
horizontal run) while feedwater flow was being controlled below
100 gpm. In addition, incidents havs been described at Doel #2
at feedwater flow rates of 40 gom a less (the latter occurred
at low operating pressures). A waterhammer apparently occurred
at Ringhals #2, during a ramp to 200 gpm flow in an early test
of vents, and the waterhammer event at Tihange occurred at a
reported 176 gpm.
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The available evidence does not support the universal
applicability of a feedwater flow rate limit. It is likely
that some dimensionless parameter(s), and not flow rate alone,
govern the behavior. Moreover, one suspects that the flow
processes are too whimsical! to be amenable to a simple limit
on flow rate without regard for piping geometry, imposed flow
rate transients, fluid subcooling, and other parameters.

Vents. Although vents are not currently recommended specifically
by any vendor, all CE plants have at least one, and often

three, one inch vent holes in the top of the feedring and tee,
Tests at Doel #2 suggested that veuts alone were an adequate
hardware modification to prevent slug formation, but subsequent
tests at Ringhals #2 repudiated this claim. A prominent incident
involving extensive pipe system damage occurred at a CE plant
with vents (Calvert Cliffs #1).

The evidence indicates that vents alone are unlikely to
prevent slug formation in general. However, the evidence also
suggests that vents may tend to suppress slug formation and re-
duce potential clug impact intensity, particularly when employed
in systems with short horizontal pipe runs.

The case history of the experience with vents illustrates
how a proposed hardware modification can rapidly gain and lose
favor based on very limited evidence.

B&W Systems. Relative to Westinghouse and Combustion Engineering
systems, the B&W system exhibits superior design features and

a significantly superior operating experience. To our knowledge
there have been no damaging steam generator waterhammer events

on any B&W system. Based solely on qualitative arguments, the
B&W system walready uniformly incorporates the best features of
the hardware modifications recommended by the other vendors,

and is generally appreciably more positive in accomplishin

their design intent.

It is possible to speculate second-order events involving
failure of pipe system components that as a result back drain
the piping and defeat the design intent of the BaW system,
Whether or not slug impact would occur or lead to stresses in
excess of allowable stress in these circumstances is controversial.
However, such events are unlikely, and are beyond the scope of
the present first-order generic evaluation.




Quantitative Evidence

The prime quantitative evidence developed as a direct
result of PWR operating and test experience is:

® 200 gpm threshold flow at Indian Point #2 and Doel #2,
feedring drainage data, Indian Point #2,
* measurements of pipe bulge, Indian Point #2,

crude estimate of pipe stress at fracture, Indian
Point 42,

depressurization trace prior to slug impact, Tihange.

The quantitative data listed above are a signi‘icant
fraction of the complete set and are the data most .ikely to
be usetul to confirm analyses. These data are provided in
Appendix A. Other data available include:

®* instrumented records from Indian Point #2 tests,

® instrumented records from Doel #2 tests,

®* displacement traces from Tihange test.

Utility of PWR Experience

It is worthwhile to assess the general utility of past
“WR experience in order to guide future testing and reporting
of operatinag occurrences.

The main role of PWR tests has been to provide a limited
full-scale verification of installed hardware and intended
operating procedures. Such a role is widely accepted as es-
sential, but is costly on the one hand and subject to criticism
for being incomplete on the other hand.

PWR operating experience is the ultimate test of the hard-
ware and procedures. Although the pipe system damage incurred
in the past has promoted some concern about public safety in
the future, there has been no direct impact on public safety
in any past incident. The damage has been costly %o repair ir
some cases, however, Continued occurrence of incidents in-
volving steam generator waterhammer suggests a need to solve
the problem unecuivocally in order to save money and enhance
confidence in plant safety.
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PWR tests and operating experience has had relatively
little value beyond the above major cbjectives of problem
identification and plant verification. Fundamentally, past
experience illustrates that a PWR is ineffective as a research
or development tool. Virtuall’s all of our present understanding
of phenomena and relevant parameters stems from qualitative
arguments, analyses from first principles, empiricism i~ the
literature, and scale model studies. Premacure evaluation
of fixes on PWRs without adequate analytical basis or confirm-
ation on scale models has been ineffective and has reduced the
credibility of current recommendations.

PWR tests can provide critical quantitative data, such
as the depressurization trace at Tihange, that ~-e important
to the verification of analyses or modeling ideas. However,
PWR tests have universally been conducted as verification
tests in the expectation that little or nothing would occur.
Although this context is appropriate, it is not conducive
to acquisition of critical quantitative data. In our view
PWRs have been instrumented and tested excessively rel itive
to the data likely to be derived. Our general recomaendation
would be to test PWRs primarily as reguired to assist in plant
verification, although we encocurage the use of appropriate
instrumentation at a few key points in order to cbtain critical
quantitative data. It may be appropriate to leave a few
rugged standby instruments (such as maximum displacement
indicators) in place during commercial operation.




3 SURVEY OF PREVIOUS RESEARCH AND RELATED TECHNOLOGY

The purpose of this section is to review previous
scientific work that may help explain some of the physical
mechanizms, described in Sections 1.2 and 1.3, and provide
1 basis for analytical development.

Though many of these processes are interdependent, it is
convenient at this stage to itemize the available knowledge in
the categories listed in Section 1.3; these are considered
in order below.

3.1 Initiating Mechanisms

The twe important events that must occur in order to
initiate a woterhammer event are the partial draining of
the feedring, to admit steam, and the formation of a water

slug.

Feedring Drainage

The feedring can drain in three ways:

1} Through the holes in the bottom of the ring, if this
method of water distribution is part of the design.

2) Through the "slip fit" seal between the feedring tee
and the thermal sleeve where the feedpipe enters the steam
generator.

3) Back through the feedwater piping.

Items 2 and 3 involve single phase hydraulics that are
discussed in many standard texts and should be straightforward
to apply as long as sufficient details of the system geometry
are known. A difficulty with item 2 is that the slip fit
clearance is not very accurately known.

There does not seem to be any previous study of the
possibility of drainage through path 3. This could conceivably
occur through a leak to the ambient environment or through a
leaky check alve if there were sufficient difference in pressure
between different steam generators. Here again, the phenomena
are well understood, but component reliability data are lacking.

47



Drain path ' provides a very low resistance path
for water drainage which should be described by a sinple
hydraulic model. A possible consideration is the effect
of countercurrent steam flow which can limit the rate of
water discharge by the mechanism known as flooding [12].
Information on countercurrent flow through orifices is
available in the themical engineering literature and a recent
thesis by Hagi [13].

Water could also be removed from the feedring by
evaporation or flashing. These phenomena are well under-
stood and have not been shown to play a role in recorded
events to date,

Slug Formation

Initial slug formation could occur either as a result
of purely hydraulic phenomena (of the "open channel flow"
type) or from the effect of steam flow on the water surface
or from the closing off of the drain holes by the rising
water level in the steam generator.

The hydraulics of open channel flow are an established
science and proven analytical techniques exist for handling
many transienc one-dimensiocnal flow problems [14,15]). Flow
in a duct with a varying inlet flow rate can be analyzed by
the method of characteristics. The numerical computation may
be quite considerable, especially if "surge waves" of finite
amplitude develop and are transmitted or reflected from
junctions, such as the feedring tee. The drainage of an open
channel flow through holes ir. the bottom of the channel can
be handled through the equation of continuity if the discharge
characteristics of the holes are known. We have mot been able
to discover previous work describing flow through holes beneath
a flow with a considerable horizontal component of velocity;
such a flow is not one-dimensional and should not be expected
to obey the normal orifice equations.

We have not found any study of feedring hydraulics in
the literature and discussion with vendors revealed that they
do not have any analyses or guantitative research studies
of any of these initiating phenomena.
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Because of condensation on the incoming cold water, a
steam flow is set up counter to the open channel water flow
in the pipe and feedring. This steam flow produces two-phase
flow interactions both near the holes in the feedring (in the
ring itself) and in the horizontal pipe run. The condensation
rate at a steam-water interface is usually governed by heat
transfer on the water side, though in extreme cases it may
be limited by kinetic theory effects in the steam, gas dynamics
or the presence of non-condensibles [16]. The heat transfer
mechanism on a large stream of water is much more likely to
be dominated by turbulent mixing than by transient conduction
effects. The jet condenser literature, e.g., [17] indicates
that direct contact condensation is subject to in“erface in-
stabilities that may lead to almost instantaneous thermodynamic
equilibration across what could be described as a "vapor im-
plosion" or "condensation shock". Previous studies by Creare
of transient behavior near the ECC injection point of a model
PWR cold leg [18,19] (where cold water is suddenly exposed to
steam) showed that this almost instantaneous equilibration could
be assumed to occur and that the rate of condensation was es-
sentially limited by the gas dynamics of the steam flow. These
topics will be considered again in Section 3.2 where the
effect of condensation on steam void collapse is treated.

The abil ity of countercurrent steam flow to form a water
slug was demonstrated by Roidt [5] who also performed similar
air-water tests. Movies taken by Westinghouse reveal an inter-
action between the gas flow and large waves on the water surface
(that may result from a surge generated by a previous slug).
These studies were not guantitative and no criteria for slug
formation were derived.

Slug formation in rectangular horizontal ducts was
studied by Wallis and Dobson [20] who developed a criterion
for slug formation from a relatively quiescent pool in the
form

il - O
ig > @ (1)
with
(g 1/2 -1/2
g1 Yete
where H was the overall duct height, jg the gas volunetric
flow rate divided by the total duct cross-section, anu a the
fraction of the cross-section occupied by the gas. One would
expect a similar criterion, modified to account for geometry,
to apply to a circular pipe. A similar result was derived in
slightly different form by Taitel arnd [Dukler [21]). Wallis and
Dobson also found that slugs could be created at lower gas flow
rates by any method that would produce large surface waves while
the gas was blowing over the liquid.

(gHAC) (2)
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The third possible mechanism for slug formation occurs
when the water level in the steam generator rises to the
level of the drair holes (as it can if they are on the bottom
of the pipe). The steam in the feedring and horizontal pipe
run is now entirely surrounded either by water or by a pipe
wall; further condensation will lead to sucking of water
through the drain holes into the ring and possible slug
formation (though the surface depression of the water level
around the holes may allow further steam to enter the ring).
Some waterhammer incidents have occurred at zbout the time
that the steam generator water level reached the feedring as
described in Appendix A of this report.

3.2 Steam vVoid Collapse

Spherical Bubbles

The effect of the collapse of small vapor bubbles near or
away from boundaries has been a subject of intense interest in
the field of cavitation. Following the simple model of Rayleigh
that predicted an infinite pressure at the time of collapse
of a spherical bubble, attempts have been made to improve the
analysis by considering effects of viscosity, nonspherical
bubble shape, heat transfer, presence of gas in the bubble,
proximity of boundaries, and liquid compressibility. Hickling
and Plesset [22] obtained impact pressures o° the proper order
of magnitude required to cause the observed extent of physical
damage to boundaries. The analytical mod~l developed for
Florschuetz and Chao (23] predicted bubtle collapse rates that
compared favorably with measurements. By adding the analytical
refinement of a finite velocity of sound in the liquid Biasi
et al [24] show that the pressure pulses are less than those
for an incompressible liquid. Board and Kimpton [25] experi-
mentally and analytically investigated bubble collapse for the
range of subcooling for which full coupling of inertia and heat
transfer occurs. Measured bubble collapse rates compared
reasonably well with theory for subcoolings up to 110°F. A
summary of the available theories of nonequilibrium bubble
collapse is _iovided by Theofanous et al [26].

Although analytical models for small spherical bubble
collapse rates have been reasonably well confirmed by experiment,
the magnitude of the bubkle collapse pressure can still not be
adequately predicted. The difficulties of measuring these high
intensity pressures away from a boundary are obvious. Jones
and Edwards [27] extrapolated pressures meas. ed on a pressure-
bar gauge to 10,000 atmospheres at collapse. The effect of
the presence of a solid boundary on collapse pressures was dis-
cussed by Benjamin and Ellis [28] and by Plesset and Chapman [29].
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The latter investigators numerically estimated waterhammer
pressures on a solid boundary from an impacting jet to be
2000 atmospleres.

A recent rev.aw of the literature by Richter [30] re-
veals that solutions only exist for small spherical bubbles
and not for large bubbles which may not have a simple inter-
face geometry. Several authors mention the possibility of
enhanced condensation rates as a resul’ of breakup uf the
liguid at the interface.

Steam Voids (Long Bubbles) in Ducts

The collapse of voids in ducts has been studied as part
of the "column separation” problem. Almost all authors report
that results can be predicted aquite successfully by ignoring
heat. conduction and assuming that the steam is always at the
equilibrium vapor pressure. Attempts to model thermal effects
have used transient conduction theory {31,32] which may not
be appropriate ncar a turbulent or non-planar interface.

Kisky and Henwood [33] devised an experiment for simu-
lating vapor bubble collapse. By collapsing vapor cavities
in the frustrum of a cone they generated peak pressures up
to 18,700 psi. Using the same apparatus Hawtin et al [32] found
that heat transfer effects were important for water temperatures
between 130° and 185°F, but for temperatures less than 130°F
(80°F subcooling) inertia effects were dominant. Notwithstan ing
the fact that collaps~ occur~ed in a frustrum of a cone, tha!
the conduit was vertical, ard tha* the lignid-vapor interface
was initially horizontal, ti— experiments of these inverci-
gators are probably more sim:lar to the slug-impact problem
than any others that exist a:d they do reveal that very high
pressures (several thousand psi) can be generated.

Kinetic Theory Limits

Vreeland [(34), studying the Tihange waterhammer tests, con-
cluded that condensation "rates" (actually mass fluxes, i.e.,
mass flow rate divided by the area of the governing interface)
were orders of magnitude larger than would be predicted from
heat transfer data obtained from conventional condensors. He
suggested that the condensation rate micht be determined from
the kinetic theory of gases. According to a simple version of
this theory [16] the condensation mass flux at an interface where
the liguid and vapor have different temperatures and effective
pressures is
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0 is a "condensation coefficient" and R, the gas constant.

If the liquid is highly subcooled, Equation '3 appears to

predict an upper limit to condensation flux set bv the flux
at which vapor molecules impinge on the interface. This is
the expression cited by Vreeland [34].

In fact, Equation (3) only describes the kinetic theory
limit to condensation flux when the differences in temperature
and pressure at the interface are small. With large amounts
of subcooling the condensation flux is so high that a bulk
motion of the vapor molecules is added to the flux that would
be obtained from a stationary gas [16]. At very high conden-
sation rates the bulk flow terms dominate and there is no apparent
upper limit to the molecular flux across a surface.

In practice, the gas flux due to net flow is likelv to
be limited by fluid mechanics effects and will be sc.led by
an appropriate Mach Number. For a perfect gas,

v

M= 3 (4)
'kR_T
V*%g%g
and the mass flux due to flow is
M P Yk
G.=p.V. = Mp kR T = —9 5
g ‘ag gy T =)
Vv g'g

The similarity between Equations (5) and (3) indicates
that an explanation based on either theory may predict the
trends in a set of data.

3.3 Slug Dynamics

Roidt (5] analyzed the motion of a liquid slug propagating
over a pool of stationary water. A similar analysis by Vreeland
[34] appears to ignore the water picked up by the front of the
slug but considers water sucked in (from the steam generator)
at the back of the slug. Both of these analyses involve some
idealization put they are straightforward applications of a
momentum balance and resemble some of the equations of liquid
column motion used to describe "column separation" (see Section
3.4). Informal discussions with CE indicate that they have
performed a similar analysis, but it is unpublished.
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The pressure difference driving the liguid slug has to
be derived from the thermodynamics and continuity relationships
for the collapsing void. Thus, these two processes are coupled,
as discussed in the previous section. Vreeland [34] found that
the transition from "inertia dominated" collapse to "heat trans-
fer dominated" ccllapse of the void occurred over a small range
of effective condensation mass flux. By examining the
Tihange data he concluded that condensation rates had to be
orders of magnitude greater than would be medicted from heat
transfer data obtained from conventional condensers and may
be limited by kinetic theory considerations. He also suggested
that the interface between steam and water was not placid but
disturbed by "waves, sprays and splashesc", an observation
gualitatively confirmed by high speed movies taken by Westing-
house in their small scale, atmospheric pressure, steam-water
model.

Similar work by Roidt [5] using a small scale model at
nearly atmospheric pressure gave slug motion essentially
limited by condensation rate, due mainly to the large air
content of the steam. However, calculations made by Sargent
and Lundy [35,36] to model the Zion plant show condensation
rates that are so high that the bubble pressure is almost
negligible compared with the steam generator pressure over
most of the transient with the i1esults that inertia effects
are essentially dominant.

These various models of slug dynamics do not seem to
have been compared with detailed data (of slug front motion
versus time, for example) but only with a few measured pres-
sure transients. Fitting the pressure transient involves
choosing two or three arbitrary parameters (initial slug length,
water depth below the bubble, condensation coefficient) and it
may not be possible to separate the various effects very
accurately by such a comparison.

3.4 Slug Impact and Pressure Wave Propagation

It is the impact of the water slug on the tube wall and
stationary water at the end of the horizontal pipe run that
causes the actual "waterhammer". Since this is one of the more
important features of the entire transient we have attempted a
thorough review of the published Jheory.
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Waterhammer is an elastic phenomenon normally associated
with sudden flow deceleration in a conduit. Although the
mo:'t severe pressure rise occurs with 2 nearly instantaneous
flow cessation, waterhamaner effects frequently occur with more
gradual flow changes, especially in long pipe lines. In the
event of very gradual flow changes, the unsteady flow may be-
come independent of the liquid elasticity (the pressure changes
associated with the resulting inertia and friction dominated
flow would no longer be called waterhammer as pressure wave
propagation effects are not important). Waterhammer or pres-
sure wave propagation in a conduit is not only affected by flow
changes and liquid compressibility, but also by the elasticity
of the conduit walls and the constraint of the pipe against
movement.

Wave Speed

Since waterhammer is a wave propagation phenomenon the
speed of the p.essure wave must be known. In an unconfined
medium the speed of sound a is

1/2
a = FE! (6)
e

in which K and o are the bulk modulus of elasticity and the
mass density of the fluid, respectively. For water free of
any gas or vapor the value of a is approximately 4700 ft/sec.
Pressure-wave propagation in a conduit is also affected by the
elasticity of the pive wall. The wave speed in a conduit is
reduced from the value given in Equation (6), as demonstrated
by Streeter and Wylie [37].

o (7)
1l # £ D
E ¢

( Kf/nf 1/2

a:

in which E is Young's modulus for the pipe wall material, D

is the inside pipe diameter, and ¢ is the pipe wall thickness.
For typical metal pipes over a range of diameters the wave

speed computed on the basis of Equation (7) will vary from about
3000 ft/sec to 4500 ft/sec if no free gas is present. For thin-
walled plastic pipes the wave speed may be reduced to 1000 ft/sec
to 1500 ft/sec.

Pressure Change

Although waterhammer need not be associated with rapid
flow changes, the Joukowsky equation is usually introduced to
relate pressure change to velocity change. TIf the flow velocity
in a conduit is abruptly varied by an amount of AV the pressure
change Ap across the resulting pressure wave is given by
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Ap = =pga AV (8)

where a reduction in velocity is associated with a rise in
pressure. For an instantaneous closure of a downstream valve
against a flow velocity of Vo the pressure rise 1s

LAp = O ga Vo (9)
For a known wave speed the factors that may produce

deviations from Equation (9) are line packing (as in long

oil pipe lines) caused by a large initial pressure gradient,

and ax: al motion of the valve and/or pipe. Yielding of the

pipe wall material will also influence the wave speed and the

resultant overpressure magnitude.

For the collapsing of a large vapor cavity adjacent to
a valve, the resulting pressure rise would be given by Ecuation
(9) if V, were the slug velocity at impact and there were no
valve or pipe motion at collapse. The idealized collapse of a
vapor cavity within a conduit resulting from the impact of two
liquid slugs cannot be directly computed by Equation (8) or
Equation (9) because of the fact that the final compressed
liquid is not brought completely to rest. Because of the
resulting motion of the impacted liquid slug as a consequence
of the force impacted to it, the idealized pressure rise is
initially only one-half of that given by the usual Joukowsky
expression, Equation (9).

Rapid Versus Cradual Flow Changes

The relatively short lenagth of liquid slug in the hori-
zontal portion of the feedwater line coupled with a finite
time elapsed hetween initial and final collapse of the steam
pocket may correspond to a gradual flow change rather than a
rapid one even though the entire event takes only milliseconds.
Therefore, it is consider=d appropriate to discuss the analogous
differences between rapid and gradual closure of a downstre::w
value in a pipe line.

For simplification an initia) example is chosen for which
the valve closure is assumed to be instantaneous, the initial
flow is assumed to be small enouch so that the pressure in the
pipe is essentially constant, and there is no friction loss
during the transient. An initial condition of steady flow in
a pipe leading from a reservoir is considered. Following rapid
valve closure at t=0 the sequence of events is as follows.
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Initially only a few layers of water near the valve are
brought to rest. The deceleration necessary to instantanecusly
stop layer by layer of the water leads to a pressure wave prop-
agating toward the reservoir at the speed of sound a. If L is
the length of the pipe, all of the water in the downstream half
of the pipe will be compressed and at rest at t = L/2a. As more
and more of the water is brought to rest the wave finally
reaches the reservoir at t = L/a. At this instant an un-
stable condition exists as the pressure or head in the
pipe 1is greater than that in the revervoir. Since
according to Equation (8) a pressure change must be accompanied
by a velocity change, the water begins to flow back in and toward
the reservoir layer by layer, resulting in a negative wave (or
pressure drop) propagating downstream. The proaress of such an
idealized wave can be followed indefinitely. Because of the
assumption of no friction or boundary resistance in the pipe
during the transient and the assumption of no loss of kinetic
energy as the water is flowing into the reservoir, the phenomenon
continues fore.=r, having a perird of 4L/a. 1In reality, n-»
valve closure is exactly instantaneous and friction always t 'nds
to resist and to damp motion.

The instantaneous closure assumption does allow for a pre-
diction of the maximum possible pressure rise due to closure of
a downstream valve. For closure times t, greater than 0 but less
than one round-trip wave travel from the valve to the reservoir
and back, defined as 2L/a, the maximum pressure is ecual to the
instantaneous closure value if the initial pressure gradient is
small. The time of occurrence of the maximum pressure at the
valve is less than 2L/a.

Valve closure is considered gradual if t. > 2L/a as the
reflected wave from the reservoir provides pressure relief at
the valve. The gradual closure of a downstream valve #ill
always result in pressure rises less than those predicted by
Equation (9). If the time of closure is in 1act, much greater
than 2L/a, say to * 10L/a, the resulting pressure changes may
be governed only by inertia effects. 1In this case, the phenom-
enon is no longer waterhammer.

In order that the pressure rise associated with the impact
of a liquid slug can be predicted by 4p = rga AV/2, the closure
must occur before the first pressure wave caused by column
deceleration can travel to the end of the slug and back, or
te < 2L/a, where L is the length of liquid slug, and te is the
time of c¢losure. The degree of pressure reduction from that
predicted by;}aﬁV/Z will depend upon the ratio t./(2L/a).




Wave Reflection

The reflection and transmission of pressure waves from
pipe junctions, around bends, and through valves and machines
is fairly well understood for single-phase flow. Coefficients
of reflection and transmission can be easily derived for simple
junctions, Rouse [38]. 1If the cross-sectional areas at the
junction are A] and A2 and the corresponding wave speeds a; and
aj, where section 1 corresponds to the pipe with the incident
wave, the transmission coefficient defined as the ratio of the

transmitted pressure change to the incident pressure change is
given by

i |

T L (10)
A Az

—

1 %2
The reflection coefficient is aiven by
r=8 -1 (11)

If aj = a2 and A2/A) = 2, s = 2/3 and r = - 1/3, meaning that
2/3 of the wave is transmitted as a wave of like sign while

the reflected wave is of different sign but 1/3 of the amplitude
of the incident wave. The limiting case of a ¢ stant pressure
source (reservoir) or A2 = » yields s = o and r - = 1. In this
instance none of the wave is transmitted, but all of it is re-
flected with a change in sign.

The pressure pulse can be itensified if an incident wave
approaches a junction for which A < A;, and/or ap > aj. For
a; = a3 and Ay = 0.5 A1, s = 4/3 and r = 1/3. The limiting
case of a dead end (A = 0) results in s = 2 and r = 1, meaning
that the reflected wave is ¢« _letely reflected with the same
sign, resulting in a doublinyg of the pressure, near the dead end.

The reflection and transmission of pressure waves from
hyrdaulic machinery has not been well documented, Instead,
analyses are usually based upon the assumption of applicability
of steady-flow characteristics to the unsteady flow phenomena.

A similar approach is employed for calculation of wave reflection
from partially closed valves. As demonstrated by Contractor [39]
and Safwat and Polder [40] the use of steady-flow o0ss character-
istics produces reasonable results for junctions and valves,
respectively.
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For 90° pipe bends Swaffield (41) showed by measurement
that the transmission coefficient would not be less than
0.96 if the ratio of radius of elbow curvature tc pipe diameter
exce~ded a value of 5. Somewhat greater attenuation was
measured in limited tests by Cagliostro et al [42] who also
found that peak pressure (but not impulse) was reduced after
passing a filled standpipe, that the overpressure pulse was
annihilated at an empty (gas filled) standpipe and that the
pressures added simply whenever two pulses met.

Pipe Motion

If the pipe in guestion is not adequately supported or
fixed not only will the wave speed be affected slightly, but
also the pressure change predicted by Equation (9) will not be
correct. As shown by Jones and Wood [43] the pressure change
associated with the instantaneous closure of a downstream valve
that is free to move axially oscillates about the Joukowsky
value. Subsequent to valve closure the extension of the pipe
produces a pressure rise less than rfa Vo, but as the pipe
shortens a pumping action causes the pressure to then rise
above the Joukowsky value. The latter deviation from Eguation
(9) is determined by Jones and Wood (43] to be

A(Ap) = o e © (12)
in which 5 2
A[p0 *ogaVil [0 + g7
. = KoV (13)
at o
and
B = 3rq (14)

2w

in which « is the natural freauency of the pipe end and k the
spring constant for the pipe. The parameter g is defined to be

_ ba A

where m is the mass of the valve. In any experiments for which
cavity collapse occurs against a closed valve or pipe dear
the possible effect of axial motion of the pipe should be a. ed,

Liquid - Column Separation

Liguid-column separation is the generation of large vapor
cavities as a result of rapid deceleration of liquid columns.
Frequently, the cavity occupies the entire pipe cross section,
allowing for the complete separation of the ligquid column from
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a valve, or from another column of iigquid. Column separation
may occur due to flow deceleration subsequent to pump shutdown
or as a result of closure of an upstream valve. Obvious
locations for cavity formation are near the source of the tran-
sient and at high points in the pipe profile where the ambient
pressure is lower due to gravity. Column separation can also
occur following the rapid closure of a downstream valve. If
the flow in the pipe cannot be completely arrested by

the reflected negative pressure wave then the liaquid column
will separate from the valve, leaving a vapor pocket (and pos-
sible evolved gas) behind. Column separation will occur for
rapid closure of a downstream valve if pfa Vg > Py + Pa = Pys
where pp is the reservoir pressure, py is the barometric pres-
sure, and py, is the vapor pressure. Column separation occurs
occasionally in water supply lines, in aviation fuel lines,
and petroleum pipe lines. Usually the liquid in the pipe is
subcooled to such an extent that the rate of condensation of
the vapor is not heat transfer limited, but rather controlled
by inertia effects until collapse occurs.

Notwithstanding heat transfer effects, cavity collapse in
horizontal pipelines as a result of liquid column separation
is not unlike slug impact in feedwater lines of PWRs. The
ratio of te to 2L/a would be expected to be much greater for
the collapse of a slug in a feedwater line than for the slamming
of a liguid column against a valve. This expectation may nct
always be realized, however, as both the time of collapse tg
and 2L/a are large for liquid-column separation problems, while
both are small for the slug-impact problem.

Closure of Downstream Valve

A literature search will reveal that liguid-column separation
has not only been investigated for initial depressurization re-
sulting from upstream valve closure, but also for the closure
of a downstream valve, for which the initial transient pressure
change is positive, not negative. In this case, at time t = 2L/a
the entire liquid column flowing toward the valve will have to
be completely arrested or the liquid will pull away from the
valve, creating a cavity whose site will depend upon the initial
velocity in the pipe, length of pipe, valve closure, ambient
pressures, ard vapor pressure.

Most investigations of downstream valve closure have been
laboratory studies of column separation in horizontal conduits.
LeConte [44] probably conducted the first controlled test of this
nature, observing a series of cavity formations and collapses,
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or a multiple number of rebounds with diminishing resurge
pressure peaks. For horizontal pipes the volume and shape

of the cavity depends upon the initial pressure and velocity.
As observea by Baltzer [45) rapid valve closure in conduits
with relatively low initial velocities Vs, will result in
elongated cavities on the top of horizontal conduits. In this
case the maximum possible resurge pressure may not be realized
if the time of complete collapse is creater than 2L/a for the

pipe.

Upstream vValve Closure

A typical pressure tiace measured for the sudden
closure of an upstream valve resembles the depressurization
and slug-impact record reported by Vreeland [34] for water-
hammer in the feeuwater line of the Tihange plant. In nearly
all of the investigations of liquid-column separation and
cavity collapse the subcooling of the liquid is so great that
the effect of heat transfer is negligible. As demonstrated
by Swaffield [46,47] the effect of dissolved cases is more
important because of the cushioning effect. Li [31] considered
the shape of the cavity and concluded that it was not a factor
regarding the collapse pressure.

The usual analysis allows for a single cavity adjacent
to the valve. The volume of the cavity is continuously com-
puted from momentum and continuity considerations while the
cavity is maintained at vapor pressure. Impact of the liquid
column against the valve occurs in the solution whenever the
cavity volume becomes zero. 1In nearly all analyses the shape
of the liguid-vapor interface is not accounted for. Measurements
by Safwat and Polder [40] suggests that a model with a vertical
interface overpredicts the final pressure because of the additional
time necessary to collapse the final vapor in an actual elongated
cavity on the top of a horizontal pipe. The effect of a sloping
interface on the rising pressure trace during collapse is also
apparent when viewing the recording with synchronized high-speed
motion picture of cavity growth and collapse, Safwat [48].

In summary, waterhammer pressures caused by ligquid-column
separation can probably be predicted to within 10-20 per cent
accuvacy using the assumption of an idealized cavity if no free
or dissolved gases are present. Because of the shortness of the
liguid slug the same degree of accuracy would not be expected for
the slug-impact problem in feedwater lines.
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3.5 Potertial for Pipe Damage

This section of the report outlines current procedures
for evaluating the damage potential of a postulated waterhammer
event. when the water motion is changed abruptly, the momentum
equation requires a concomitant large pressure increase. In
this sitvation, instantaneous local yielding or rupture can
occur either to the flow obstruction (e.g., valve) or to the
pipe walls. If the energy of the impact is not completely
absorbed by local deformation, a pressure wave propagates
through the pipe with the potential for remote damage. Such
a pressure wave applies a force to each pipe bend in its path. |
Excessive loads on pipe flanges and hangers can result from :
relatively low pressure changes. Under some circumstances, the ‘
initiating pressure wave can also reoccur at a freaquency near |
the natural fregquence of the pipe structure, enhancing the
prospect of excessive pipe stress due to resonance.

The forces acting to daage pipes belong to three
categories of analysis. Described below are:

- local hoop stresses exceeding the yield strength of the
pipe,

- pipe network loads, the response of a system of inter-

connected pipes to loads applied at specified locations,
and,

- resonances, the response of a pipe network to a repeated
stimulus.

Internal Local Loading

The prediction of whether or not a pipe subjected to an
internal static pressure will yield is a fully developed
engineering discipline, In the simplest waterhammer event, the
pressure inside a pipe is raised as a pressure wave passes sub-
sequent to a water slug impact. The gquestion "can the pipe with-
stand such a pressure without suffering fracture or plastic de-
formation?" can be answered readily once the pressure, the
dimensions of the pipe, an< the pipe material properties are
specified. For enginecring purposes, any gun barrel designer,
pressure vessel designer, or the nearest copy of Roark and Young
(49] can answer this question accurately and completely. If
the slug impact occurs near the end of a pipe, then longitudinal
as well as circumferential stresses must be considered. Also,
the pipe may have flanges and gaskets subject to high pressure,
but for engineering analysis, these are only minor complications.
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To provide a first-order estimate, consider the circum-
ferential (hoop) stress o in a thin-walled tube, due to
internal pressure p:

o = pr/e (16)
where

r is pipe radius
¢ is pipe wall thickness.

Waterhammer overpressure of 4000-6000 psi will cause stresses
approaching the elastic yield point of a steam-generatcr's
steel feecdwater line. Accurate knowledge of possible over-
pressure history everywhere is therefore imperative.

The modification of the pressure pulse as it propagates
is germane to the issue of pipe deformation. Overpressure in-
crease can occur if the wave enters a constricted portion of
a pipe, or a stiffer (less elastic) pipe. Such effects are
easily calculable and are unlikely to increase the overpressure
by more than a fr.ctor of two. Unfortunately, the pipe system
designer cannot depend on pressure wave attenuation to simplify
his problem. Pressure waves travel great distances through water-
filled inelastic pipe with virtually no attenuation, and negotiate
rigid bends handily. The means to extract wave energy are
mechanical damage and pipe motion. That is, plastic deformation
or gross movement of the pipe structure at one point can protect
distant pipes. As a corollary, any prediction method gets weaker
as the point of interest gets farther and farther from the initial
point, and the intermediate pipe compliances accumulate.

The last variable to be discussed here is time. Specifically,
the pressure pulse to this point has been assumed to exist forever,
with no consideration of whether the pipe deformation might be
less if the pressure pulse were short enough. The pressure pulse
resulting from a postulated slug motion secuence is idealized as
a square wave formed by the superposition of an initial depres-
surization, a compression wave, and the subsequent rarefaction
wave. If the pulse width is short enough, the dynamic effects
tend to "strengthen" the pipe. The inertia of the pipe walls
can be sufficient to prevent a significant amount of motion
(strain) before “he applied pressure returns to its base value.
(This effect is a well-known limit to production rate in the
High Energy Rate Forming (HERF) field, see [50,51]). In the
present case, "short" times can be defined by comparison with
the natural freguency of the pipe walls w:

62



wz = E/rzop (17)

E = modulus of pipe wall
r = radius of pipe wall
op = density of pipe wall

The radial vibration period for a typical feedwater line is
0.3 millisecond. This is short compared with expected pulse
widths, so that the pipe walls "track" the pulse and the
designer cannot count on inertia effects for saturation.
Indeed, if the pulse rise time is rapid, as in a sguare wave,
then dyramic amplification of up to a factor of two could
occur. The HERF literature would be a good starting place for
refining the analysis if pulses with duration 7 <1 ms (slugs
with length less than 2.5 feet) are expected,

To summarize, if impact overpressure is given, current
technology is adequate to verify with high confidence that
the hardware will withstand the resulting direct, local, in-
ternal loads. However, the theory to deduce the loading im-
plied by a known plastic deformation is not so well developed
because emphasis is placed on remaining within elastic limits.
The above discussion has emphasised means to predict pipe be-
havior. Although comparable theory may be applied to stress
in pipe system components (e.g., valves) their geometry is
more complex and accordingly quantitative predictions are
more uncertain.

Pip*ag Networks

The actual piping systems under consideration (feedwater
lines, and power plants in general) are so complicated that
computer codes are required for their analysis. However, the
codes in current use do not generally employ any physical models
individually more complicated than standard pressure wave propa-
gation or beam bending subject to various boundary conditions.
The process of assessing the ability of a proposed set of pipes,
hangers, snubbers, and restraints to withstand waterhammer effects
is currently divided into three tasks. A waterhammer analysis
is first performed to predict the time and position dependence
of the fluid pressures throughout the system. Existing codes
such as WHAM [52] are adequate for this work. Second, by
application of the momentum equation, the pressure waves are
resolved into time-dependent forces on each of the nodes of
the system. Finally, when the node forces have been determined,
structural codes are used to determine the implied stresses due
to bending and deformation. Many codes of this third type exist,
such as ADLPIPE [53] and NUPIPE [54].
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The structural codes are of two distinct typea. There
is a group of codes designed specifically to analyze complex
piping networks. The programs are based on linear elastic
stress/strain theory and require discretization of the system
based on junctions and uniform beams. /. more general class of
programs (of which NASTRAN [55] is the archetype) contains
general finite-element stress capabilities. Some codes contain
limited plastic deformation capability but this appears to be
unnecessary for the present design task and is not vet a well
developed tool.

The major difficulty that arises in the application of
the network codes is the proper inclusion of time-dependent
forces of high freaguency.

Reference [8] is an example of the analysis of structural
response to a waterhammer event. This reference reports the
application of the programs ANSYS and STARDYNE to a feedwater
pipe at Trojan. In general, the use of these codes by
architect-engineer analysts is routine (but not trivial).

The specific analysis of waterhammer loads has, however, some
unusual features. First, the high-pressure square-wave pulse

of a waterhammer may be of very short duration, thus exciting
high-frequency vibrational modes of a pipe network. Appropriate
analysis may require some finesse. The high-frequency modes

can contribute significantly to the pipe stress, thus failure

to include enough modes (or, in the alternate computational
method, to integrate with sufficiently small time steps)

results in underprediction of the peak stress,

Contemporary analyses of potential waterhammer loads
in nuclear power plant »iping systems reported in the open
literature include the work of Fox and Stepnowski [56],
Thorley and Twywan [57], Larsen [58], and Harper et al [59].

A major uncertainty in all of this analysis is the
coupling between the waterhammer dynamics and the pipe motion.
Technigues for analyzing waterhammer wave propagation in complex
compliant pipe systems are not well developed. Unless the pining
system can be treated as effectively rigid, as far as the water
is concerned, significant errors may result. It may not be pos-
sible to measure high pressure magnitudes at points distant from
the impact because the intervening piping will attenuate the
pulse by bending and limit the impact by bulging,.
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kssonance
Vibration response of a pipe network can be calculated
by the computer programs now in existence. The system re-
sponse to a repeated pulse can be computed, so that by varying
the frequency at wnich the analysis occurs, a complete fre-
quency response spectrum can be develored. Unfortunately,
this information is aot sufficient to identify self-induced

(feedback) oscillations which may lead to pipe network
damage.

The simpler problem can be handled. If a pipe system
has known natural frequencies, it bel.ooves the analyst to be
sure that there are no potential forcing functions at these
frequencies. 1In general, the natural Trequency of the system
wo will be very low compared to the . equency of a disturbance
that can be generated by an isolate. wate.hammer, i.e., roughly
the speed of sound in water divided by a typical pipe lenath.
In many practical cases literally a mile of pipe would be

necessary before the organ-pipe frequency approached the system
kinematic frequency.

Since the slug-impact event itself has been demonstrated
to be repetitious at a low frequency, some consideration of
possible resonance is appropriate. (After each impact, the wat -
can wash back down into the feedring and reinitiate the event

until the water is heated sufficiently or the pipe runs full.)
However, repeated slug impacts are li{clv to be few in number.

The case wherein pipe motions due to a single waterhammer
event are the trigger for subsequent slug impact is not credible
because the flow in the steam generator and nearby piping is
ur.coupled from the piping resronse unless a pipe or component

ruptures. In the latter case an unlimited range of potential
coupling exists.

Damage Criterion

We have concluded that stresses and strains can be com-
puted, but have neglected to describe the criterion by which
potential damage can be assessed. The ASME has established
complete guidelines for allowable stress, but some clarification
is needed with respect to waterhammer incidents. The ASME code
has different standards for different categories of inc .dents
(e.g., normal, upset, emergency, fault). For example, Refer-
ence [8 ] classifies feedwater pipe waterhammer as "an unplanned
accidental condition". Apparently, this is not a universally
accepted classification, however, so that statements such as
"predicted stresses are within allowable limits" are vaque.
Uniform application of the standards should be ensured; the
standards themselves are likely to be adequate, once they are
uniformly applied. Some consideration of the potential of
low-cycle fatigue as well as one-time deformation is necessary.
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Except possibly for coupling between the pressure waves
and the structure, the present tools seem capable of doing
the necessary analysis to assess the potential for pipe
deformation and fracture. The prime uncertainty resides
in postulating a waterhammer forcing function.

3.6 Previous Analyses and Model Tests of Steam Generator
Waterhammer

Previous analytical work on this problem identified during
the course of this study includes:

* Westinghouse slug analysis (5],

* recent Westinghouse slug analysis in progress (to

be published early in 1977),
unpublished Combustion Engineering slug analysis [3],

Trojan pipe stress analysis by Bechtel (8],

Kewaunee fluid/thermal analysis by Fluor [61],

Westinghouse analysis of pipe integrity subsequent
to the 4/30/72 incident at San Onofre [62],

Zion analysis of slug behavior and pipe stress by
Sargeant and Lundy [35,36],

Maine Yankee analysis of pipe stress by Yankee
Atomic Power Company [63],

Evaluation of energy to fracture pipe at Indian Point
#2 by Con Ed and Westinghouse (1],

Compar: sons with Tihange pressure data by Vreeland [34],
Batchelret al [64], Westinghouse (unpublished), CE
(unpublished),

sihange Pipe Stress evaluation by Batchelor et al 4].
The primework relevant to the present generic inauiry has
been reviewed in the text of this section of the report and

in Appendix B where a detailed critique of the Westinghouse
analysis by Roidt [5] is provided.
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Scale model tests have been conducted by Westinghouse
in two 1/10~scale facilities [5). Only qualitative infor-
mation was obtained in tests with a "straight-pipe" model
tested in an air environment. Steam-water tests v ‘re con-
ducted with a steam generator model, but suffered rom a high
air content in the steam. The only other scale moael mentioned
at meetings with the vendors [2,3,4] is the study of Framatome
in a 1/10 scale steam g.nerator model using steam at approxi-
nately 50 atm. At this wiiting the Framatome report is un-
available to Creare.

3.7 Summary of Previous Efforts

The main conclusions from this review of previous work are:

1) The mechanisms that initiate slug formation are not
well understood. Some aqualitative observations have been -ade
at small scale but no descriptions of the sequence of events
or guantitative criteria for making predictions exist.

2) The collapse of large steam voids cannot be predicted
from existing information. Classical theories based on simple
interface geometry and laminar transient heat conduction probably
do not apply. There is evidence, in the Tihange data, for con-
densation rates limited only by compressible gas-dynamic effects
in the vapor.

3) Tne motion of a one-dimensional water slug seems to
be one of the best understood phenomena. The mechanics are
straightforward; however existing analyses are based on assump-
tions which are so far unconfirmed by experimental results.

a) Waterhammer theory is anestablished science that can
give good estimates of peak pressures and wave propagation if
the properties of the impacting liquid slug are known. It
should be possible to make upper bound estimates of the water-
hammer intensity.

5) Calculations of the forces in pipes resulting from
waterhammer involves a very complicated dynamic interaction
problem requiring the use of large computer models. However,
it should be possible tc obtain reasonable est mates of some
key factors, such as the maximum hoop stress near the slug ime
pact point and the forces on simple bends near the point where
the wave originates.
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rhese conclusions helped to provide a persnective of
the nature of the technical problems to be consfidered in the
presént work. In particular, three major efforts where model
development is needed can be identified.

1) Initiating Mechanisms. This study should involve
feedring drainage, hydraulic transients in the feedring and
attached piping, and the mechanism of slug formation. A
considerable practical incentive for this work is that if
the initiation of the whole sequence of events leading up
to waterhammer can be avoided, the problem may be solved
without worrying about the detailed conseguences of a slug
impact.

2) Void Collapse and Slug Dyanamics. This is needed
as an improvement on the existing models of Roidt [S] and
Vreeland [34]). It should contain better evidence for the
component assumptions in the model and, if possible, a
comparison with more extensive data.

3) Waterhammer Intensity. Based on (2) above, a method
of predicting the forcing function applied to the piping system
is needed. It is desirable to compare this with experimental
data, including research results and any evidence from full-
scale PWR dants, in order to obtain confidence in the validity
of the procedure.

Scale model studies and analyses along Chese lines are
described in the following Sections 4 and 5 of this report.
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4 EXPLORATORY SUBSC wE EXPERIMENTS

A general lack o>f experimental evidence, particularly
quality quantitative data, is identified in the preceding
sections of this report. Because some of the phenomena are
exceedingly complex, analyses to date have been simple and
have of necessity involved crude bounding assumptions of
key phenomena. In such a situation, experiments of all
kinds are critical to the development of even a first-order
understanding of the phenomena. To this end, limited ex-
ploratory experiments were conducted in two l1/10-scale
facilities using steam and water and in a 1/4 scale "hydraulic"
faci’ ity in an air environment.

For presentation purposes, the experimental work at
1/10 scale has been lumped in this section of the report
larg. .y without comparison with any analysis. The analytica’
development is presented in the following Section 5 of the
report, There the hydraulic data from the 1/4 scale experi-
ments are also presented in the countext of the analysis.

The reader is cautioned to avoid "scaling up" the results
of these experiments. Such data are useful primarily to pro-
vide preliminary limitea verification of analytical models, to
display potentially relevant phenomena, and to suggest qualit-
ative trends of key parameters. These data alone are inadecuate

for confirmation of analytical models to be employed to predict
PWR behavior.

4.1 Water Cannon Model

The purpose of this model study was to gather data to
examine the underlying assumptions of the slug motion and
impact analysis in a simple, "clean" geometry chosen to re-
move scme complicating phenomena. Areas whtere the analysis
performed well were identified and some questionable as-
sumptions were isolated.

A vertical pipe model (Figure 9), termed the "water-cannon
model"” in this report, was chosen in order to eliminate some
of the complicating effects of horizontal piping such as slug-
interface shape e fects and the effects of water lying in the
pipe on the slug iehavior. In addition the slug was a water
column of known length at impact in this model. The model
consisted of a straight length of vertical metal pipe or
transparent plastic t'bing with steam introduced into the upper
end (figure 9). The lower end of the pipe was submerged several
inches in a large reservoir of water (at 65°F) open to the atmos-
phere. The pipe was stiffly braced axially at the upper end.
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In the operation of this model, the pipe would be full
of liquid after the previous cycle. Steam introduced .t a
constant rate by choked flow from a fitting at the _op of
the tube would warm the water and gradually void the tube
as the water warmed up and the rate of condensation decreased.
As the water level in the tube reached the bottom end of the
tube, the sudden exposure of “he steam to the cold wat in
the reservoir resulted in rapid .~ndensation of the steam.
a depressurization in the tube, and -mbsequent acceleration
of liguid entering the tube due to the ,ressure difference
between the steam in the tube and the atmozpheric environment.
The water column in the tube rose upward rapidly. In a fraction
of a second it impacted against the closed upper end of the
tube causing a loud noise and visible shaking of the apparatus.
The cycle repeated.

The depressurization preceding the slug impact and the
pressure on the face of the pipe cap on the top of the pipe
(i.e., the overpressure due to slug impact) were the primary
measurements during reneated tests of the same event. In
addition, flow visualization studies were conducted in the
transparent arcrylic tube,slug velocities measured, the effect
of pipe material noted, and various triggering mechan sms for
initiating the slug motion investigated.

One piezoelectric crystal pressure transducer was flush-
mounted in the upper end of the pipe and used to measure the
the overpressure due to the slug impact.* A second transducer
of the same type measured the pressure in the pipe just prior
to the impact. Mounting the latter transducer on a standoff
resulted in a major, but nonetheless nucgligible, loss of fre-
quency response (with the response time about 1-2 msec rather
than 0.001 msec in the flush-mounted case). However, this
mounting was necessary to avoid thermal drift of up to 40 psi
associated with this type of transducer vhich obscured the
low prewsure signal when the transducer was flush-mounted.

*The sensitivity to vibration of these instruments is
specified as 0.002 psi/g. Order cf maunitude calculations
readily demonstrate that the momentum exchange due to slug
impact would induce an acceleration of only a few tens of
g's even if the pipe were unrestrained axially, but subjected
to the measured impulse. This corresponds to a small fraction
of apsiwhich is a neaiigible effect in the present experiments,
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Pressure Traces

Sample pressure traces from a cycle of oneration of
the water cannon model are shown in Figure 10. The precursor
depressurization is shown in the upper trace (standoff-mount
trar.ducer, and the concomitant slug impact in the lower trace
(i lush-mount transducer) from a single event. At time 50 msec
the system was at atmospheric pressure. The upper trace shows
that the depressurization decreased gradually to about -6 psi
(-6 psig) by 100 msec and remained near -5 psi to 200 msec;
thus a differential of 5 to 6 psi acted on the water column
for approximately 150 msec. Due to the osciiloscope gain
setting used for pressure measurements, the prime overpressure
spike was off-scale although its initiation was indicated
at 200 msec The lower trace had a much larger scale and
showed the « erpressure spike recorded at the time of t*. im-
pact. The indicated overpressure was 1100 psi. There was a
second depressurization after the impact, and 40 msec after
the first impact a second overpressure spike of 300 psi ampli-
tude was recorded.

Figure 11 shows depressurization traces (left) and cor-
responding time-expanded traces of the overpressure pulses
(right) for several events. The depressurization character-
istics were similar to the example described in Figure 10.
The time-expanded overpressure pulse traces show that the
duration of the slug impact was approximately 1 msec. This
is uniform for each of the traces shown. The shapes of the
pulses were essentially rectangular, though somewhat variable
and perhaps sloped by a few hundred psi across the peak.

Figure 12 typifies the scatter obtained in measuring the
overpressure spikes fcr many events. The range of observed
overpressures was from 500 to 1300 psi, with the most frequent
measurements occurrin¢g in the 800-1000 psi range.*

A quantitat.ve evaluation of these data and comparison
with a slug dynamic analysis are contained in Section 5.3 of
this report. These demonstrate that the overpressure and de-
pressurization impulses are self-consistent and that the pulse
duration is consistent with the pipe length. The scatter in
overpressure is due principally to erratic variation in tte
depressurization pulse.

*The steam flow input into the model ranged from 0.0/1 -
0.007 1b/sec. The rate did not affect the depressurization
Or overpressure appreciably over this range.
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Flow Visualization

High speed motion pictures (200-800 frames/sec) were
taken in the water cannon model with an acrylic tube. The
movies provided a clear visualization of the movement of a
slug during an event and allowed the slug velocity to be
determined. Simultaneous recordings of the depressurization
were made.

The depressurizations from two events are shown in Figure
13 along with the average velocities of the slug determined by
timing the progress of the slug over a one foot length of the
tube using a frame-by-frame analysis of the motion pictures.
Typical slug velocities were on the order of 20 ft/sec and
the velocity was nearly constant as the slug progressed up
the tube as well as could be determined from the limited
number of frames (about 20). The corresponding depressurizations
were of the same magnitude and duration as the examples in
Figures 10 and 11.

Variations in slug velocity in different experiments were
much larger than the 10% uncertainty in determining slug
velocity. Figure 14 shows an atypical trace for the depres-
surization. The pressure fell sub-ambient by several psi for
a time, returned to ambient, and then fell sharply again, quickly
followed by the slug impact. The depressurization was thus
weaker than in a typical case and it is seen that the slug
velocity was less--11 ft/sec rather than 20 ft/sec. So the
weaker depressurization is qualitatively consistent with the
lower slug velocity. Comparisons in Section 5.3 demonstrate
close quantitative agreement as well.

The films also show that the slug interface was not
always flat or smooth. Often, splashes which extended one to
two inches upward along the walls of the tube preceded the
slug interface and, therefore, made the slug interface un-
certain by the length of the splashes. This evidence of mixing
at the slug interface is best viewed using a motion picture
projector,

Pipe Material

During the course of the flow visualization tests it was
qbserved that the magnitude of the overpressure traces was less
in the acrylic tube then in the metal pipe. For a typical
event it is seen (Figure 15) that the depressurization behavior
was about the same with the acrylic tube as that observed with
thg metal pipe (Figures 10 and 11). On the other hand, the 270
PS1 overpressure spike was aporoxirately one-third of that re-
corded for the metal pipe (Figures 10 and 11). Figure 15b shows
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that the duration of a typical overpressure spike was 3.5 msec,
or over three times longer than for the metal pipe (Figure 11).
Thus, the impulse Which is proportional to the integrated

area of the overpressure pulse) was approximately unchanged.
The reason for this reduction in the over-pressure peak ampli-
tude at fixed impulse is due to the relat.re elasticity of

the acrylic material versus steel, as discussed in Section 5.3.

Note that the overpressure pulse shapes were roughly rectang-
ular in both the acrylic tube and the metal pipe.

Initiating Mechanisms

Attempts were made to generate stronger overpressure
spikes by inducing stronger depressurizations or reducing
losses in three ways; 1) by reducing entrance loss in the
model for the water column, 2) by inserting a spray nozzle
into the model to improve steam condensation, and 3) by de-
creasing the steam flow into the model at various rates at

the time the event was occurring. Each procedure is described
briefly below.

In order to minimize losses at the sharp edged inlet
end of the pipe ( and thus, increase the slug velocity and
resultant overpressure at impact),aconical inlet section was
attached to the end of the pipe. The magnitudes of the depres-
surizations and overpressures were observed for a number of
events. The depressurizations were not discernably different
from those previously described. A plot of the measured over-
pressures (Figure 16) shows that typical pressures were approxi=-
mately 1000 psi, and ranged from 500 to 1400 psi. Thus, the
most frequent overpressures were slightly higher than without

the conical inlet Figure 12), but only about 25% higher, while
the overall range remained about the same.

A nczzle which sprayed enough water to condense all of
the steam input into the model was inserted into the top of
the model. Initiating spray with the nozzle triggered a de-
pressurization and slug motion, but a distinct waterhammer
was measured only if the water level was initially at the
bottom of the tube. In that case, the slug impact was of
the same magnitude as those observed without the spray.

The inlet conditions were also altered by manually de-
creasing the choked flow rate of steam into the model prior
to and diring the depressurization. During earlier work, in a

1/20-sca.e model of a PWR cold leg injection section, overpressures

were enhanced in this way. In this model, the magnitude of the

overpressure was the same as previously described, even in extreme

tests where the steam was turned on and off rapidly.
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Direct Conclusions from Water Cannon Model Data

* Typical depressurizations were in the range 7-10 psia
over a time period of 100-150 msec.

* The magnitude of the typical overpressure spike was
1000 psi (% 30%) for the metal pipe and 300 psi (& 30%)
for the acrylic tube.

* Overpressure pulses were of uniform duration in this
model, approximately 1 msec (% 10%) for the metal pipe
and 3.5 msec (% 20%) for the acrylic tube.

* Flow visualization motion pictures showed that the typical
velocity of the water column was approximately 20 ft/sec
in these experiments.

4.2 Steam Generator Model Study

Flow behavior in a 1/10-scale model of the feedwater
system in and near to a PWR steam generator was investigated.
The reader is reminded that the purpose of this model study
was to provide limited confirmation of analytical models under
development and to suggest relevant phenomena. Scaling the
quantitative results to full scale is unrei.able.

The scale model study included acquisition of quantitative
data for a range of the main geometric and thermal/hydraulic
parameters including feedwater flow rate, feedwater subcooling,
vessel pressure, and feedpipe lenagth. The effect of air content
was also studied. Phenomenological flow visualization experi-
ments were conducted using various simulated feedwater sparger
geometries in order to investigate the process of slug formation.
Althouah most tests were conducted in the bottom discharge con-
figuration typical of operating PWRs, special tests with top
discharge were also conducted.

AEEaratus

The mode. (shown in Figure 17) consisted of an existins 12-inch
1D steel wvessel simulating the steam generator vessel and a
segmented length of straight pipe entering the vessel which
simulated the feedpipe and the feedring. The baseline simu-
lated feedpipe and sparger geometry used in the model con-
sisted simply of a four foot section of 1.5-inch ID (approxi-
mately 1/10 linear scale) transparent acrylic tubing (cv 1 1/°
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inch sch. 40 steel pipe) with ten 0.375-inch diameter downward-
facing holes vpaced on one inch centers.* The end of the

tube in the steam generator was capped. Nearly a one foot
length of the tube was inside and the remaining three feet
were outside of the vessel. Viewing windows on the vessel
were employed for flow visualization with vessel pres~ure
near ambient pressure.

This basic geometry was tested over a broad range of
operating parameters. The geometry of the feedpipe and
sparger sections could be changed easily in a variety of
ways, and several other configurations were studied, although
generally over a more restricted range of the operatinj para-
meters than was examined in the baseline configuration. The
changes consisted of the number and size of the drair. holes,
the feedpipe length, the orientation of the drain holes,
and th- ‘eedpipe material (acrylic or steel).

Water was introdiced at a metered rate into the bottom
of the simulated feedpipe at the far end from the vessel.
The water level in the vessel itself could alsc be raised
by injecting water directly into the bottom of the vessel
at a known rate. (This could be done independently of the
feedpipe water flow.) The water was supplied from an open
300 gallon trough maintained at desired temperatures in the
range 65 - 205°F by heating with bypassed steam. A known,
choked flow of steam was introduced near the top of the vessel
~ and a valve on the discharge from the vessel was used to con-
. trol the v...el pressure., This steam flow rate was ample to
maintain the pressure at the desired value when water was intro-
duced and provided a convenient means to ourge the system of
noncondensible gases., 1If desired, air could be mixed with
the steam at a controlled rate.
|
|
!
|
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