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UNITED STATES
NUCLEAR REGULATORY COMMISSION

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
WASHINGTON, D.C. 20555-0001

January 18, 2000

MEMORANDUM TO: ACRS Members

FROM: P. Boehnert, Senior Staff Engineer

SUBJECT: EPRI INTERIM REPORT “RESOLUTION OF GENERIC
LETTER 96-06 WATERHAMMER ISSUES - NRC STAFF
FOLLOW UP

The T/H Phenomena Subcommittee reviewed the subject Electric Power Research
Institute (EPRI) report during its November 17, 1999 meeting. During the December
ACRS meeting, Dr. Wallis reported the results of the Subcommittee’s review of this
matter. Dr. Wallis and ACRS Consultants V. Schrock and N. Zuber provided written
comments that identified a number of concerns with the EPRI study. At the behest of the
Committee, these comments were transmitted to the NRC staff for its and EPRI’s
consideration.

Attached are copies of two memoranda provided in response to transmittal of the above-
noted written comments. The first memo, to J. Larkins, notes the staff's actions regarding
the transmittal of three sets of comments on the EPRI Interim report from the ACRS, the
staff, and a staff consultant from the Scientech company. Further, NRC will keep the
ACRS informed regarding any follow-on work planned by EPRI in response to these
comments. Also attached, is a copy of the staff’s letter of transmittal to EPRI with the
three sets of comments.

| will keep the Committee informed regarding the need for any additional action on this
issue, as developments warrant.

Attachments: As Stated

CC: ACRS Members
R. Savio

cc w/o attach (via E-mail):
J. Larkins

H. Larson

S. Duraiswamy

ACRS Technical Staff



January 11, 2000

MEMORANDUM TO: John T. Larkins, Executive Director
Advisory Committee on Reactor Safeguards

FROM: John N. Hannon, Chief 5/
Plant Systems Branch
Division of Systems Safety and Analysis
Office of Nuclear Reactor Regulation

SUBJECT: ACRS COMMENTS ON EPRI INTERIM REPORT TR-113594,
“RESOLUTION OF GENERIC LETTER 96-06 WATERHAMMER
ISSUES”

On November 17, 1999, the Electric Power Research Institute (EPRI) Waterhammer Project
Utility Advisory Group (WPUAG) briefed the Advisory Committee on Reactor Safeguards
(ACRS) Thermal-Hydraulic Phenomena Subcommittee on EPRI Interim Report TR-113594,
“Resolution of Generic Letter 96-06 Waterhammer Issues,” July 1999 (EPRI Proprietary). The
Thermal-Hydraulic Phenomena Subcommittee presented its assessment to the ACRS full
committee on December 3, 1999, and written comments were provided to the Plant Systems
Branch (SPLB) in a memorandum from the ACRS dated December 22, 1999. Waterhammer is
a complex phenomenon that is difficult to understand and analyze, and | appreciate the time and
effort that the Thermal-Hydraulic Phenomena Subcommittee members and consultants took to
review the EPRI Interim Report. | plan to issue a letter to the WPUAG that summarizes the
concerns that were expressed by the Thermal-Hydraulic Phenomena Subcommittee members
and consultants, and the December 22, 1999, ACRS memorandum will be included as an
enclosure to this letter. Comments from our consultant and from the NRC staff will also be
included as separate enclosures. The ACRS will be on the distribution list for this letter, and my
staff will inform the Thermal-Hydraulic Phenomena Subcommittee of any actions that are
planned by the WPUAG to address the issues that have been identified. If the WPUAG should
decide to fund further work on this initiative, we will schedule additional briefings and seek
comments from the ACRS in order to assure a thorough review of this topic.

Contact: James Tatum, NRR/DSSA/SPLB
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UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON, D.C. 20555-0001

January 11, 2000

Mr. Vaughn Wagoner, Chairman

Utility Advisory Group, GL96-06 Waterhammer Resolution
Carolina Power and Light Company

411 S. Wilmington Street CPB 6A1 |
Raleigh, NC 27601 |

SUBJECT: EPRI INTERIM REPORT TR-113594, “RESOLUTION OF GENERIC LETTER
96-06 WATERHAMMER |ISSUES”

Dear Mr. Wagoner:

| am responding to your letter of September 23, 1999, requesting NRC review and comment on
Electric Power Research Institute (EPRI) Interim Report TR-113594, “Resolution of Generic
Letter 96-06 Waterhammer Issues.” The NRC staff has worked closely with industry participants
on this initiative, and we are pleased with the work that has been done and with the progress
that you have made. We are also very pleased with your use of an expert panel to help facilitate
this effort.

While completing our review of the EPRI interim report, we were informed that the Advisory
Committee on Reactor Safeguards (ACRS) Thermal-Hydraulic Phenomena Subcommittee was
interested in the interim report and requested a briefing. Following the industry briefing that was
completed on November 17, 1999, the Subcommittee presented its assessment to the ACRS full
committee on December 3, 1999, and written comments were provided to the NRC staff in a

- memo from the ACRS dated December 22, 1999. We appreciate your cooperation and
participation, and the cooperation and participation of others from the Utility Advisory Group and
expert panel who were present, in briefing the ACRS Subcommittee and in responding to the
questions that were raised.

Based on our review of EPRI Interim Report TR-113594, and based on the comments that we
‘received from the ACRS Thermal-Hydraulic Phenomena Subcommittee, we believe that some
additional work and refinement are necessary. While the interim report is a good first draft, we
believe the formatting could be better structured for presenting the proposed approach for
evaluating the Generic Letter 96-06 waterhammer concerns. We also believe that the specific
limitations and criteria for applying the proposed methodology for evaluating the GL 96-06
waterhammer concerns are not described and/or defined well enough to assure conservative
results, and a number of technical issues remain that have not been adequately addressed. In

Contact: James Tatum, SPLB/DSSA/NRR
301-415-2805



&Vaughn Wagoner -2-

order.to assist you in pursuing this initiative, | have enclosed the comments that we received
from the ACRS, as well as comments that we received from our Scientech ¢gnsuitant, and NRC
staff comiments. We are available to discuss these comments with you, an@ we remain
optimistic that with some additional work and restructuring, an acceptabl approach can be
achieved. . /
' Sincerely,

Original signed by/t'

John N. Hannon, Chief

Plant Systems Branch

Division of Systems Safety and Analysis
Office of Nuclear Reactor Regulation

Enclosures: 7/

1. Memorandum to John N. Haﬁhgn from Howardl,;’]/. Larson dated December 22, 1999, re:
ACRS review of EPRI Interim Report TR-113594.

2. [comments from Hossein] '
3. NRC staff comments re: EPRI Interimﬁéport TR-113594.

cc: Dr. Avtar Singh
EPRI
3412 Hillview Avenue
Palo Alto, CA 94304-1 395 '
Dr. Thomas C. Esselmar), Pre5|dent
Altran Corporation
451 D Street
Boston, MA 02210,

25 East Loop Road

Stony Brook/NY 11790 | \\
Kurt Cozgns .

Nucleagy Energy Institute
17764 Street, NW Suite 400
ington, DC 20006-3708
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Mr. Vaughn Wagoner -2-

order to assist you in pursuing this initiative, | have enclosed the comments that we received
from the ACRS, as well as comments that we received from our Scientech consultant, and NRC
staff comments. We are available to discuss these comments with you, and we remain
optimistic that with some additional work and restructuring, an acceptable approach can be

achieved. :
Sincerely,
John N. Hannon, Chief
Plant Systems Branch
Division of Systems Safety and Analysis
Office of Nuclear Reactor Regulation
Enclosures:

1. Memorandum to John N. Hannon from Howard J. Larson dated December 22, 1999, re:
ACRS review of EPRI Interim Report TR-113594.

2. [comments from Hossein]
3. NRC staff comments re: EPRI Interim Report TR-113594.

cc: Dr. Avtar Singh
EPRI
3412 Hillview Avenue
Palo Alto, CA 94304-1395

Dr. Thomas C. Esselman, President
Altran Corporation

451 D Street

Boston, MA 02210

Dr. Hossein Nourbakhsh
25 East Loop Road
Stony Brook, NY 11790

Kurt Cozens

Nuclear Energy Institute
1776 | Street, NW Suite 400
Washington, DC 20006-3708




. UNITED STATES
NUCLEAR REGULATORY COMMISSION

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
WASHINGTON, D.C. 20555-0001

December 22, 1999

MEMORANDUM TO: John N. Hannon, Chief
Plant Systems Branch
Division of Systems $a tyRand Analysis

Nu

FROM:

al-Support
Advisory Committee on Reactor Safeguards/Advisory Committee
on Nuclear Waste

SUBJECT: NRC/INDUSTRY COLLABORATIVE PROJECT TO SUPPORT
RESOLUTION OF WATERHAMMER ISSUES PURSUANT TO
GENERIC LETTER 96-06

During the 468™ meeting of the Advisory Committee on Reactor Safeguards, December 2-4,
1999, the ACRS heard a report from its Subcommittee on Thermal-Hydraulic Phenomena which
met on November 17, 1999, and considered the collaborative project, involving the NRC,
Electric Power Research Institute (EPRI) and associated contractors, and several nuclear
power plant licensees, to address resolution of issues associated with potential waterhammers
in the cooling water systems of containment air coolers, pursuant to NRC Generic Letter 96-06.
The results of this project have been documented in a draft EPRI Interim Report: “Resolution of
Generic Letter 96-06 Waterhammer Issues.”

As a result of its discussion of this matter, the Committee asked me to provide you the attached
comments from Dr. G. Wallis, Thermal-Hydraulic Phenomena Subcommittee Chairman, and
ACRS Consultants N. Zuber and V. Schrock for the staff's consideration during its ongoing
review of the EPRI Interim Report. Please note that the views expressed in these reports do
not necessarily reflect those of the ACRS. The Committee plans to review the subject matter
during a future meeting. :

References:
1. U. S. NRC Generic Letter 96-06: Assurance of Equipment Operability and Containment
Integrity During Design-Basis Accident Conditions, September 30, 1996.

2. Electric Power Research Institute Interim Report TR-113594, Volumes 1 and 2,
“Resolution of Generic Letter 96-06 Waterhammer Issues,” July 1999 (EPRI
Proprietary).

Attachments:

1. Memorandum dated November 30, 1999, from Graham B. Wallis, ACRS, to ACRS

Members, Subject: Comments on EPRI Interim Report, TR-113594, “Resolution of
Generic Letter 96-06 Waterhammer Issues.”

2. Memorandum dated November 23, 1999, from N. Zuber, ACRS Consultant, to G. B.
Wallis, Chairman, Thermal-Hydraulic Phenomena Subcommittee, ACRS, Subject:
ACRS Thermal-Hydraulic Subcommittee Meeting: “Resolution of Generic Letter 96-06,
Waterhammer Issues.”

Enclosure 1
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Memorandum dated November 30, 1999, from Virgil E. Schrock, Consultant, to Dr.
Graham Wallis, Chairman, Subcommittee on Thermal Hydraulic Phenomena, Subject:
Consultant Report on the November 17, 1999 Subcommittee Meeting: Waterhammer in
Plant Service Water Systems.

B. Sheron, NRR
G. Holahan, NRR
T. Collins, NRR
J. Tatum, NRR
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November 30, 1999

MEMORANDUMTO:  ACRS Members
FROM: /2 Granam 8. alis, ACRS

SUBJECT: Comments on EPRI Interim Report, TR-113594
“Resolution of Generic Letter 96-06 Waterhammer
Issues”

This report is supposed to resolve concems about waterhammer in fan coolers in
PWR containments. However, no calculations for PWRs are actually made,
though conclusions are reached. Several research results are presented and
some graphs are presented that are supposed to be usable for predicting plant
loads. However, the methods used to derive these graphs are not explained.
Some theory is presented and compared with a few data points, but no
comprehensive comparison with all data is given. It is unclear if the predictions
are for average loads or maximum ones. No analysis of uncertainty is made; it is
simply discussed. Sensitivity studies to condensation coefficient and assumed
water surface temperature do not show insensitivity to these parameters. The
amount of air that is evolved and that cushions the plant waterhammer is an
important parameter but methods for computing it are vague and appear to have
little justification.

The report needs considerable reworking and a much more complete description
and justification should be provided of the recommended calculational methods.

Specific comments.

In the executive summary it is claimed that the tests encompass events in the
plant. This needs convincing justification. :

The conclusion that the LOOP only waterhammers are the most severe is never
justified in the report.

Page 1
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G. Wallis Comments
November 30, 1999

The statement that waterhammers are not a credible threat needs a convincing
rationale in terms of real plant calculations. Particular attention should be paid to
uncertainties, since the data exhibit a large scatter and there appears to be no
account of this in the calculations.

p1-3 It is not clear that the experiments really covered all the "complex
thermodynamic and hydrodynamic transients" in the plant.

p.3-8 The LOOP event is to be shown to bound waterhammers in Chapter 9.
Yet | could not find this discussed at all in Chapter 9.

p.4-3 A subcooling of 36 degrees F is stated as being necessary for
waterhammers, yet later the recommendation is that the surface of the water be
taken as at 212 degrees F for calculating condensation rates.

p.6-12 It is claimed that there is guidance for defining the “worst case”. Yet the
analysis does not address uncertainty at all. Is it supposed to be a worst case
analysis? This is never demonstrated.

p.8-6 The tested geometries are presented but not justified in terms of their
relationship to the plant.

p.8-11 Figure 8-5B is supposed to show that the peak pressure is independent
of pipe size. It does not. There are very few 2 inch pipe data and where they do
overlap with the 4 inch pipe data, the latter are generally significantly higher,
particularly the maximum values.

p.8-16 Why are pulses briefer at higher loads, when L/c is the same?

p.8-17 The loop seal loads are much higher than the horizontal pipe ones.
There is clearly a geometry effect. Do the tests bound the plant geometries?
Why are there no tests with air for the loop seal, which appears the most critical
for large loads? It should be shown that the theory applies to air-cushioned
waterhammer in a loop seal, yet there are no data for this condition

Comment about the figures in Chapter 8. In Appendix F there are tables of data.
They show several maximum pressures for Configuration 1 above 1000psi, one
as high as 2990psi. Why do these not appear on the summary figures? What
about the many data for Configuration 2B above 700psi that do not appear in the
summary figure?

p.8-20 Figure 8-14 does not show a very convincing decrease of impulse with

Page 2




G. Wallis Comments
November 30, 1999

pressure, particularly for the straight-deaerated data.

p.8-24 The arguments about independence of results on pipe size are
imaginative but not really related to the physics. They are not substantiated by
data. This conclusion is tenuous at best.

p.9-7 When there are noncondensables there is no *final impact". What is the
meaning of impact velocity when there is an air cushion? This is not explained.
An explicit description of how the peak pressure is calculated is needed. s it
the peak pressure in the compressed air cushion and not a real waterhammer at
all?

p.9-13 The apparatus for release of noncondensables is unique and not clearly
related to the real plant conditions. The physical mechanisms in this device do
not duplicate the geometrical, flashing, flow, nucleation, stratification and other
phenomena in the plant. Even if the data were good, there is a real question
about extrapolation to plant conditions.

p.9-15 There are far too few data in figure 9-9A to support the "curve fit". The
data are not consistent and the trends unclear.

p.9-16 The use of 40% air evolution under any and all conditions that is
recommended is a stab in the dark. The air evolved must depend on the
history of the water. Some of the water will be expelled from the fan cooler
before it reaches saturation or has time to boil. The air release by being
"exposed to steam” must depend on the time of exposure and many other
thermal/hydraulic effects. This is a very shaky part of the theory.

p.9-17 The theory for gas concentration in the void is strange. Equation (9.8)
gives it in terms of the mass of the surrounding pipe. Yes, there is condensation
on this pipe, but the air has first to be evolved before it is concentrated. The
amount present cannot depend on the properties of the pipe as described.
There would be air there even if the pipe had no mass.

Comment. The whole report gives the user very little advice on how to compute
the amount of air in the collapsing steam bubble, yet this is one of the key
variables that has to be input to later calculations.

Section 9-5. The thermal layer test geometry is not typical of void closure in a
horizontal pipe. The results show very little dependence on thermal layer in this
apparatus, and this seems to be the basis for later assuming that the interface is
at 212 degrees F. This may not be justifiable for all the geometries and

Page 3



G. Wallis Comments
November 30, 1999

conditions in a real plant. Depressurization of the void is one mechanism for
reducing the interface temperature (or a symptom of it due to colder water
reaching the interface) as seen in the detailed pressure histories.

p. 9-38 There appears to be no significant effect of Jacob Number. Once the
pressure is low enough in the void, it doesn’t matter what it is?

pp.-43,44 These figures show a weak effect of dissolved oxygen, far less than
the order of magnitude effect seen in Chapter 8. There are lines shown through
the data but it seems that none of these are computed values. The whole report
suffers from a lack of comparison between genuinely predicted values and actual
results. How is the dissolved oxygen content in the water to be related to the
amount of gas in the collapsing steam bubble? This needs detailed explanation.

pp9-52 to 9-57 The plots are presumably for use by designers. There is no
explanation of where they came from. What is K, which is a parameter on the
curves? If there is a clear procedure for calculations it should be spelled out
and the predictions systematically compared with the evidence in order to
validate the methods.

p9-47 There is no gas released by steam condensation. Gas concentration can
be increased by removing steam, but gas is released by a different mechanism.

Appendix D seems to describe a separate test that is not related to the previous
ones? Explanation is required.

Appendix E describes the long-awaited analytical models (THEY SHOULD BE
SPELLED OUT CAREFULLY IN THE MAIN TEXT). Yet there is no derivation to
be found for the “expected air mass" that is used to fit a few sample data.
Where did the value come from? It was not measured.

p.E-15 The three cases 3,4,5 are fitted with different values of h. What is the
justification for recommending a constant value of h? How do the predictions
using this assumption compare with all the data points, not just a few selected
ones? Since there is considerable scatter in the figures in Chapter 8, where
does the prediction lie? Is it around the mean of the data or nearer the peak?
The rationale for choosing a certain value of h is obscure. Such a key parameter
must be justified in detail. It would be good to compare the data in Chapter 8
with predictions using various values of h.

p.E-42 The figure shows that the peak pressure is significantly influenced by
the assumptions about the heat transfer coefficient, h, and the water surface

Page 4



G. Wallis Comments
November 30, 1999

temperature. They cannot just be guessed or stated without justification.
Condensation is influenced by air content, but this does not appear in the recipe.
Also, the mixing on the water side should be important, perhaps govemning, and
this is not considered at all. The curves for T=200 and T=210 should not cross.

p.E-60 For the plant simulation a different value of *h" is chosen and the area for
condensation is doubled. What is the basis for these new assumptions? No
example is given of how to compute the mass of air, which has to be inputted
and is one of the biggest uncertainties.

Section F contains tables of data with recorded peak pressures that seem to be
much above those shown in the figures in Chapter 8. This is strange and
undermines the conclusions.

There should be a corresponding table of predicted pressures so that it can be

judged how well the theory represents the data. The report is very weak in this
regard.

Please also see the comments of our consultants, Messrs. V. Schrock and N.
Zuber.

Page 5



MEMORANDUM

Date: November 23, 1999

To: G.B. Wallis, Chairman, Thermal-Hydraulic Subcommittee, ACRS

From: N.Zuber, ACRS Consultant M. 4:_'_"« ber L / 27/(9

Subject: ACRS Thermal-Hydraulic Subcommittee Meeting: “Resolution
of Generic Letter 96-06, Waterhammer Issues” Rockville, MD

This memorandum provides my assessment, comments and recommendations
concerning the information presented by the industry at the above meeting,
and documented in EPRI’s Interim Report TR-113594 V1 and V2, July, 1999,
which addresses the safety issues raised in the Generic Letter 96-06, dated
September 30, 1996. '

1. The Research Program

To respond to the concerns raised in the Generic Letter 96-06, the industry
initiated and conducted analytical and experimental investigations in two
facilities over a period of one year. In addition, it assembled an Expert Panel
consisting of Prof. P. Griffith, MIT, Dr. F. Moody and Prof. B. Wiley, University
of Michigan, to provide independent program oversight and guidance.

The industry’s positive attitude in response to NRC’s concerns should be com-
mended. Furthermore, the industry should be encouraged to involve nationally
recognized experts whenever it is asked to address and resolve generic safety
issues.

2. The Report TR-113594

This report is perhaps the most “user unfriendly” document with which I have
been confronted in a long time!

It is nearly impossible to find information pertinent to experiments and/or
analyses without being forced to search through the entire 453-page report.

The Executive Summary (one and one-half pages long) is too brief, superficial

and general. It provides information more appropriate to an abstract of a
technical paper than to an Executive Summary of a 453-page report.

ATTACHMENT 2




N. Zuber to G. Wallis

November 23, 1999

Generic Letter 96-06, Waterhammer Issues
Page 2.

For its own benefit, the industry should be requested to make the results of its
research effort more accessible and effective. To this end I recommend the in-
clusion of an Executive Summary that:

¢ Briefly describes the experiments (geometry, parameters, etc.) and
analyses (models, assumptions, etc.)

‘¢ Summarizes briefly, but quantitatively, the findings

¢ Lists and justifies the conclusions

¢ Lists and justifies the recommendations, together with the limitations
and, most importantly,

¢ Provides a detailed and informative “road map” for the report.

3. The Experiments

Section 4 of the report presents a good state-of-the-art summary of water-
hammer occurrence due to condensation (CIWH) and to column closure
(CCWH.) It notes and discusses the effects of pipe geometry (length and dia-
meter,) pipe orientation, void formation, flow regime transition, liquid sub-
cooling, interface area, condensation rates, velocities of steamn and of the liquid
while it drains or refills a hydraulic network.

However, to my great surprise and disappointment, this information was not
used to demonstrate guantitatively that the test matrices for the various
experiments generated adequate data to deal with the various issues. A quan-
titative demonstration and confirmation could have been made by relating (via
scaling and/or models) test conditions to those anticipated in a NPP.

As a matter of fact, I was unable to find in all of this lengthy and poorly
organized report, a section which would demonstrate and confirm that scaling
was used to establish test matrices for the various experiments. Consequently,
the question of the experimental data’s adequacy to address and resolve NPP
safety issues is left unanswered.




N. Zuber to G. Wallis

November 23, 1999

Generic Letter 96-06, Waterhammer Issues
Page 3.

This a most serious deficiency, inasmuch as the test data are to be used to
validate methods which “provide realistic and justified bases for assuring plant
safety and minimizing unnecessary modifications to the plants” (quoted from
page V. of the report.)

The seriousness of this deficiency may be best illustrated by considering the
two examples discussed below:

¢ Figure 8-5B on page 8-11 of the report shows CIWH test results obtained
with horizontal pipes 2" and 4" in diameter. It can be seen that the scatter
of the data increases with increasing diameter. Thus, for the 2" pipe, the
data range from 20 psig to 60 psig (that is, by a factor of three,) whereas for
the 4" pipe, the range is from 20 psig to 180 psig (a factor of nine.)

Inasmuch as in a NPP, a CIWH can occur in pipes up to 16" in diameter,
two questions must be raised. The first is concerned with whether or not
the scatter continues to increase in pipes larger than 4”. The second deals
with the peak pressure that can be expected in a 16” diameter pipe. The
report provides no answers to these questions. Indeed, it neither notes nor
discusses the effect of pipe diameter on the scatter of the data.

¢ The second example is provided by Table 6-7 on page 6-12, which deals with
a most important Request for Additional Information (RAI) made by NRR
and the response provided by the industry.

The request was for a “detailed description of the ‘worst case’ scenarios for
waterhammer and two-phase flow” and for a confirmation “that the analyses
included a complete failure modes and effects analysis (FMEA.)”

The response of the industry (see page 6-12) was to provide a guidance for
defining the “worst case” scenarios and for the FMEA, which sates on page

3-5 that:

“Effects to be considered should include at least the following:

void flow rate/regime
voiding thermodynamics
FCU thermodynamics
refill flow rate.”




N. Zuber to G. Wallis

November 23, 1999

Generic Letter 96-06, Waterhammer Issues
Page 4.

This qualitative statement provides absolutely no new information - that is,
information that was not available in 1996 when the Generic Letter 96-06
was issued. It definitely cannot resolve the safety issues raised in that letter.

Consequently, a quantitative definition and evaluation of the “worst case”
scenarios and a complete analysis still need to be made.

In view of the foregoing, | conclude that there is no gquantitative evidence that
the test matrices generated adequate and/or sufficient data to validate
methods which “provide realistic and justified bases for assuring plant safety.”

To benefit form the research effort carried out to-date, the industry should be
requested to:

1) Provide quantitative evidence that the test data are sufficient to
resolve the safety issues raised in the Generic Letter 96-06. Such a
quantitative demonstration and/or confirmation can be achieved
through scaling;

2) Define guantitatively the conditions and/or limitations beyond which
the test data cannot be used. This, again, can be accomplished
through scaling and modeling;

and
3) Define gquantitatively the conditions resulting in a “worst case”
scenario and demonstrate that test matrices included these
conditions.

4. The Analytical Models

Two modeling approaches were used in the analysis; one based on the method
of characteristics (MOC) and the other, on a rigid body model (RBM.) Both
models use the experimental data (discussed above) for four purposes (see
pages E-9, E-13 and sections 1.4.2, 1.4.3 and 2.3.2 in Appendix E,) that is, to:

1) Justify the assumptions made in the analyses;




N. Zuber to G. Wallis

November 23, 1999

Generic Letter 96-06, Waternammer Issues
Page 5.

2) Provide the “appropriate inputs” for air concentration and the con-
densation heat transfer coefficient, as “these two variables have a
significant influence on the pulse shape, duration and magnitude.”
(from page E-13 in Appendix E;)

3) Guide and perform sensitivity evaluations;

and .
4) Benchmark and validate both codes (MOC and RBM.)

This heavy reliance on experimental data clearly demonstrates and confirms
the pivotal role of the tests in determining whether or not the proposed metho-
dology can “provide realistic and justified bases for assuring plant safety.”

It is precisely for this reason that I emphasized so strongly in the preceding
section the need for demonstrating quantitatively that test conditions (and
therefore the data) are applicable to a NPP and include those which result in
a “worst case” scenario.

Inasmuch as such a demonstration has not been presented by the industry,
either in the report or during the meeting, there is no evidence that the MOC
and RBM models provide “justified bases for assuring plant safety.”

5. Conclusions

I am in complete agreement with and fully supportive of the two objectives
stated by the industry ~ that is, to

“provide realistic and justified bases for assuring plant safety and
minimizing unnecessary modifications to the plants.”

However, if the industry is to minimize the unnecessary modifications, then it
should and must provide a methodology that meets the first objective. For
reasons discussed in sections 3. and 4. above, such a methodology has not
been provided, either during the meeting or in the report.



N. Zuber to G. Wallis
November 23, 1999
Generic Letter 96-06, Waterhammer Issues

Page 6.

The necessary and sufficient requirements for a methodology that assures
plant safety are stated in the three requests noted in section 3.

I trust that the industry will continue to exhibit the positive attitude to which I
referred in section 1., so that both objectives can be realized.




To: Dr. Graham Wallis, Chairman, Subcommittee on Thermal
Hydraulic Phenomena

Via: Paul Boehnert
From: Virgil E. Schrock, Consultant

Subject: Consultant Report on the November 17, 1999 Subcommittee
Meeting: WATERHAMMER IN PLANT SERVICE WATER
SYSTEMS.

Date: November 30, 1999

EPRI Waterhammer Report

In response to GL 96-06 and NUREG/CR-5220 a group of utilities and
EPRI undertook a program to address the waterhammer issues of GL 96-06 in a
"more realistic and cost effective manner”. This has resulted in EPRI
Interim Report TR - 113594 (Sept, 1999) entitled "Resolution of Generic
Letter 96-06 Waterhammer Issues”. This large report, which is intended to
serve as guidance for plant specific assessments, was provided for our
review prior to the meeting. Due to its size, only a cursory review was
possible before the meeting. | had a better opinion of the work then than
| do after hearing the presentations and delving more deeply into some
parts of the report. This (the better opinion) was probably conditioned by the fact
that Drs. Griffith, Moody and Wylie served rather extensively in the planning of the
experimental program and assessment of the results.

The EPRI report is not well written. The executive summary is
superficial. Evidently many different authors contributed different
sections and they are not well coordinated. Therefore, it is difficult to
follow. It contains three global conclusions which | found difficult to accept based
on presentations at the meeting. But the major problem is that some of the
analysis is just too crude or worse, in some cases, simply wrong. | tried
to put myself in the position of a user of this document and found it very
difficult . For example, item 8 in the suggested utility approach (p.
1-4) caught my eye because of questions raised in my mind durir)g the
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presentations at the meeting. It refers to the amount of noncondensable

gas in the initial void and directs the user to Section 9.2. There | find Section
9.2.1 is a description of the so-called Rigid Body Model (RBM). This is

an attempt to analyze in 1-D the motion of a slug of liquid driven by
condensation from a trapped mixture of gas and steam. There is no clear
description of the model assumptions. There is no statement of the initial

and boundary conditions. Figure 9-7 shows a gas/steam volume at the closed
end of a horizontal pipe. It is said that a more detailed derivation is

found in Appendix E. Figure 2.1 in App. E shows a gaseous plug in a
horizontal pipe with the liquid filled downstream end closed by a valve. In each
case it appears that the model assumes that the interfaces remain plane and
vertical, although this is not stated. There is no consideration of how

the interface on the downstream side can remain vertical. There is no
consideration of the stability of the advancing interface. Equation 2.4 of

App. E (also a part of equation on p. 9-10) is the thermodynamic

relationship for the reversible adiabatic compression of a closed system and is
incorrect for the application for several reasons. Its use here implicitly assumes
that the gas compresses as though separate from the steam. The two are
mixed in the total volume and have common temperature and pressure.
Isentropic compression of the gas alone will lead to temperature rise.

The value of g is taken as 1.3, correct for low pressure saturated steam

but not for the gas. The gas/vapor mixture loses mass by condensation and

is therefore an open system. The equation is incompatible with the
assumption that the steam in the bubble is always saturated vapor. The
bubble is not really adiabatic. App. E indicates that heat transfer to the

pipe is negligible but does not comment on sensible heat transfer to the

liquid interface. In fact as the void approaches its minimum volume the

gas will be highly compressed and hot. Heat transfer will inevitably play

some role — | would expect that its neglect would result in over

prediction of the peak pressure. As already stated, the report assumes

that the vapor is always saturated. The steam partial pressure is found

from steam table data as a function of specific volume. The specific

volume is found with the aid of a mass balance on the steam in the mixture
employing a constant heat transfer coefficient to get the condensation rate
(Eq. 9.2). This equation is flawed both in that the heat transfer

coefficient in the problem is far from constant (the thermal resistance is
concentrated in the liquid or may involve a gas diffusion boundary layer near the
interface and, in any case, is highly transient) and the temperature Ts is
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not defined. The model contains numerous errors and appears to have
compensating errors that would be difficult to assess but may vary on a
case by case basis. '

Some RBM predictions are presented in Figures 2.4 and 2.5 but there
is no direct comparison with data. Section 2.3 is titled Benchmarking the
Rigid Body Model but it contains only comparisons with the Method of
Characteristics predictions. There appears to be no coherence to the data
shown in Figure 2.9-B. Also the numbers on the ordinate are obviously
incorrect - they are fractions, not percentages. In any case the rather
stochastic nature of the differences between these two deterministic models
is difficult to explain.

There is classical literature that is important for giving insight
to the waterhammer problem that seems to have been overlooked Rayleigh
analyzed collapse of spherical bubbles (both vacuum and with gas) and Cook
used the method to calculate the pressure of impact on a small rigid sphere
at the center. For cold water his result was 20,000 Atm. This gives a
good idea of how extreme the pressure pulse may be in waterhammer and
shows the importance of the geometry of the collapsing cavity. Spherical
geometry is the most efficient. The plane geometry of models in the report
would give the least pressure pulse. In fact the actual water hammer is
likely to be very complex and vary widely because the geometry of the
collapse is not reproducible. The problem of how to predict the worst real
case will not be answered by these simplistic (and erroneous) models. The
worst case will result when relatively large bubbles are trapped in liquid
that has not been extensively heated near its interface (renewed surface).
The report does contain some recognition that there will be mixing in the
liquid that has potential to bring the vapor into close proximity to highly
subcooled water but it doesn't reach a definitive conclusion.

The role of the subcooling Jakob number was discussed in the report
and at the meeting. The interpretation of the physical significance is not
correct. They somehow relate it to a thick "thermal layer”. In the
subject of bubble dynamics it gives a measure of the role of heat/mass
transfer compared to that of liquid inertia in controlling the rate of
bubble collapse. The form used in the report is the ratio of the
volumetric subcooling energy capacity of the liquid to the volumetric heat
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of vaporization of the steam in the bubble. It gives a measure of the
subcooled liquid boundary layer volume needed to condense the steam. In a
discussion with Peter Griffith at the break, a not so old classic paper by
Florshuetz and Chao (JHT circa 1970 | believe) was mentioned which the
authors of this report should study in order to better understand the role

of Jakob number.

During the discussion at the meeting | misspoke conceming the
effect of steam void fraction on the sound speed in bubbly two phase
mixtures. | said the effect is stronger for gas than for vapor whereas the
opposite is true, of course (how could my colleagues have let that-
statement stand). | have no defense for this shocking lapse of
rationality. Concemning the "cushioning” effect upon impact the situation
is not the same for distributed bubbles as for bubbles confined to the pipe
wall. The former is probably well represented by the use of the reduced
sound speed of the two phase fluid in the Joukowsky equation. The latter
- case is , | believe, a two-dimensional problem within a pipe diameter of
the surface of impaction. A solid liquid core impacting on the surface
should have a pressure pulse given by Joukowsky with the liquid sound
speed, but the compressibility near the pipe wall will rapidly reduce the
magnitude of the pulse as the reflected wave travels a diameter or two.
This is what | was referring to when | asked Dr. Wylie if they had data to
show that with bubbles confined to the pipe wall , the pressure pulse is
governed by the two phase sound speed. | think that he meant only that he
had data to show that bubbles on the wall reduce the sound speed but not
to show that peak pressure is correctly predicted by the 1D model with two
phase sound speed. Perhaps we may have another opportunity to discuss this
point.

The bottom line is that | don't find this report to have adequate
technical credibility of the modeling to adequately support resolution of
waterhammer issues raised by GL 96-06. | don't think a strong case can be
made that the experiments, as valuable as they may be, have identified the
worst case waterhammer for this system. The report itself is likely to be
found incomprehensible by utility users. | don't think NRR should declare
it an acceptable methodology
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1. INTRODUCTION

NRC Generic Letter 96-06 (GL 96-06) * Assurance of Equipment Operability and Containment
Integrity During Design Basis Accident Conditions” '"! included a request for licensees to evaluate
cooling water systems that serve containment air coolers to assure that they are not vulnerable to
waterhammer conditions. More specifically, the issue of concern is :{!]

* .....Cooling water systems serving the containment air coolers may be exposed
to the hydrodynamic effects of waterhammer during either a loss-of-coolant
accident (LOCA) or a main steam line break (MSLB) with a concurrent loss of
offsite power(LOOP). These cooling water systems were not designed to
withstand the hydrodynamic effects of waterhammer and corrective actions may
be needed to satisfy system design and operability requirements.”

The waterhammer concerns discussed in GL 96-06 are primarily associated with low pressure
systems. While the analytical methodology contained in NUREG/CR-5220, “Diagnosis of
Condensation-Induced Waterhammer,? is considered by NRC to be acceptable for analyzing
waterhammer effects in fluid systems, licensees feel that this methodology is overly conservative for
low pressure applications.

Industry initiated a testing and analysis program in 1998 to develop methods for realistic evaluation
of the waterhammer loads in low-pressure fluid systems . This initiative has been sponsored by 14
utilities and the technical work has been coordinated by Electric Power Research Institute (EPRI).
An interim Technical Basis Report (TBR)P, documenting the results of the EPRI/Industry
collaborative project , was submitted to NRC in September 1999 for review and approval .

Scientech, Inc. was requested ( Contract NRC-03-95-026, Task Order No. 243) to assist the NRC
staff in evaluating the development and adequacy of analytical methods that are being developed by
industry representatives for assessing waterhammer effects in low- pressure fluid systems.

This letter report summarizes the review comments on the results of the industry initiative as
documented in the interim TBR issued by EPRI . Section 2 provides a general overview of the
analytical methodology that has been developed , noting strengths and limitations in the approach.
Specific comments on significant limitations and weaknesses with the methodologies for evaluation
of Condensation Induced Waterhammer (CIWH) and Column Closure Waterhammer (CCWH) are
discussed in Sections 3 and 4 respectively. Section 5 provides a brief summary together with
conclusions.




2. GENERAL OVERVIEW AND COMMENTS

The interim TBR provides a comprehensive approach for evaluating the GL 96-06 waterhammer
issues. The major components of the utility approach are shown in Figure 1. Determination of the
“worst case” sequence of events together with the most limiting plant configuration provide the
foundation for performing the waterhammer evaluation . Guidance on these subjects, including
single failure consideration, is provided in Section 3 of the interim TBR.

Transient system thermal hydraulic and voiding analysis is an important component of the
waterhammer issue evaluation process . This analysis determines the important initial and boundary
conditions (such as the flow , pressure, temperature and voids formation) for the subsequent
evaluation of the different waterhammer mechanisms. The interim TBR recognizes the importance
of these parameters for waterhammer evaluation. However, no specific guidance has been provided
for system thermal hydraulic and voiding analysis to quantify these parameters.

An integrated testing and analysis program was undertaken to develop methods that allow for the
evaluation of loads associated with two waterhammer mechanisms: (1) condensation induced
waterhammer during the voiding phase, and (2) column closure waterhammer during the refill phase.
Section 4 of the interim TBR discusses the mechanisms of occurrence of these two types of
waterhammers including the following criteria (suggested in NUREG/CR-6519*) to determine what
piping is susceptible to condensation induced waterhammer:

(a) Near horizontal ( i.e. vertical lines are excluded),
(b) subcooling greater than 36°F (20°C), and
(c) L/D > 24.

However, the “road map” for an approach to the overall issue, described in Section 1.5 of the interim
TBR (see also Figure 1), uses the uncovering of the horizontal lines during the voiding phase as
the only criterion for the assessment of the condensation induced waterhammer. Further
clarifications on validation and endorsement of the above criteria (suggested in NUREG/CR-6519)
by EPRI/Industry approach are needed.

Specific review comments on the interim TBR suggested methodologies for evaluation of loads
associated with CIWH and CCWH are provided in Sections 3 and 4 of this Letter Report.

The interim TBR also recognizes the potential for occurrence of other waterhammer mechanisms
and they have been expected to be insignificant for most cases (Section 6 of TBR). The interim
TBR provides a checklist (see Figure 1) that should be utilized to assure that specific plant
conditions are not conducive to such waterhammer events. If any of these checklist items are
present, a plant-specific evaluation is required. However, the interim TBR provides no specific
guidance for such plant-specific evaluations. ’

(U5}



Determination of

Determination of the
conservative

plant configuration

“worst case “
sequence of events

\ 4 v
Transient thermal hydraulic
and voiding analysis

horiz;mtal lines
uncovered during
the voiding phase?

Are there any

* Vertical risers that branch in voided
portion of the pipe ?

* Dead legs ?

Condensation Induced Colemn Closure
Waterhammer (CTWH) Waterhammer (CCWH) * QOrifices or partialy closed control
Evaluation Evaluation valves in the voided portion of pipe ?

* Refilling flows with Froude numbers

less than 1.0 ?
Structural analyses
and
system qualification Yes
\ 4
Plant specific evaluation for
T other waterhammer
mechanisms

Figure 1. Flow diagram and topics addressed in TBR
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Structural analysis and system qualification is another important component of the waterhammer
evaluation process . Guidance on this subject is provided in Section 11 of the interim TBR.

It should be noted that the review of EPRI/Industry suggested approach for the structural analyses
and system qualification is beyond the scope of this Letter Report.

3. CONDENSATION INDUCED WATERHAMMER

The uncovering of horizontal runs of pipe during the voiding phase creates the potential for
condensation induced waterhammer. As horizontal section of lines are exposed, steam will enter the
space formed at the top of the pipe. The space between the top of the pipe and the exposed water
can allow condensation of steam and trapping of steam bubbles. The rapid condensation of the
trapped steam and the subsequent closing of the void by water causes a condensation induced
waterhammer pressure pulse.

The interim TBR presents a simple equation, which is derived from the Joukowski equation and an
energy balance, to determine the magnitude of the resulting waterhammer pressure pulse. Testing
of condensation induced waterhammer events was also performed to show that the magnitude of
pressure pulses generated during the voiding of actual configurations are less than the magnitude
predicted by the analytical model. Two configurations were tested. One featured a straight voiding
section and one featured a rise at the end of the test leg to establish a “loop seal” in the test
section.”! The diameter of the test section was 4 inches. The length of the test section was 20 ft,
which was greater than 24L/D “rule of thumb” (suggested in NUREG/CR-6519) for piping length
required to get CIWH. The testing was performed considering both normally aerated and deaerated
water and conservatively simulating no thermal layer, no air in the steam, and with steam driving
pressure (15-30 psia) higher than that is expected in most plants. CIWH testing was also performed
in a separate study using 2" pipe with normal tap water and system pressures of 10 to 20 psia.

The results of the CIWH testing include the following:

- The tests produced waterhmmer pressure pulses that increased with steam drtving
pressure.

- The deaerated water tests had peak pressures that were more than twice as high as the
‘normal aerated water.

- Loop seal data gave somewhat higher waterhammer magnitude but had lower impulse
than the straight pipe tests.

- Waterhammer occurrences generally follow a constant impulse behavior.

- Waterhammer pressures were independent of draining flow rate.

The interim TBR (page 8-24) also concluded that the waterhammer pressures are independent of
pipe size (Froude number) for the range of concern here (2" to 16"). This conclusion was made
primarily by comparison of 2" and 4" CIWH tests results. The interim TBR also used a simple

scaling rational, based on an equation for steam velocity obtained from a heat balance on the
water/steam interface, for further explanation of size (diameter) independence. It was demonstrated
that the steam velocity is primarily dependent on the slope of water/steam interface. However a
proper justification was not provided for the statement , “ as the pipe size changes no significant
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changes in the slope is expected” .

One major conclusion that was drawn from the CIWH testing program was that the CIWH
waterhammers, for low pressure water systems, are limited in magnitude or duration such that they
are not a credible threat to pressure boundary integrity. In terms of application for the suggested
utility approach to the overall issue, Section 8.5 of the interim TBR provides guidance for the system
performance parameters to be met (see figure 2) so that CIWH will not have to be explicitly
calculated. These conditions include a somewhat qualitative requirement that the water that is
draining contains non-condensables. A more explicit quantitative requirement on the concentration
of non-condensables in the water is needed. It should also be noted that the interim report does not
provide any guidance for plant-specific CIWH evaluation if these performance requirements are not
met.

Is the system steam pressure at the time of NO i
the postulated CIWH less than 15 psig? g
l Yes i

No

Does the system draining water contain
non-condensables?

| Yer

Has the piping been shown by test or analysis to be] NO
capable of withstanding a CCWH following
LOOP, LOOP/LOCA, or LOOP/MSLB?

;] Plant specific determination of
CIWH waterhammers are not a CIWH magnitude and duration :
credible threat to pressure B g :
boundary integrity :

Structural analysis
and
K system qualification

Figure 2. Flow diagram for CIWH evaluation
(items in the dotted box is not detailed inTBR)




3. COLUMN CLOSURE WATERHAMMER

During refill of the containment coolers, hydrodynamic loads could be experienced due to column
closure (water column closing) waterhammer. The waterhammer pressure developed by the impact
is primarily dependent on the closure velocity. The Joukowski equation shows that the magnitude
of waterhammer can be reduced by lowering the closure velocity of the water columns. Non-
condensables and /or steam that are in the void can become pressurized as the void closes. The effect
of void pressure is to slow the oncoming water column and to accelerate the downstream column.
This is referred to as “cushioning”. Relative velocity is decreased and the peak waterhammer
pressure is reduced. As a part of the EPRI/Industry collaborative project, an integrated testing and
analysis program was undertaken to develop methods that allow for the reduction in closure velocity
due to cushioning.

The interim TBR presents methods to determine the CCWH pressure pulse magnitude and shape
( rise time and duration). A finite difference model was developed to simulate the column closure
waterhammer event. This model ( referred to as the MOC model in the interim TBR) uses Wylie and
Streeter’s well known application of the method of characteristics' . The method of characteristics
1s used to solve the hyperbolic partial differential equations (of continuity and momentum) to obtain
the liquid velocity and pressure at a known grid location. MOC model simulates the main void as
an internal boundary condition. This model provides a means of accurately simulating all aspects of
the column closure event including steam condensation, air compression, reflections, and pulse
attenuation as it travels through the system.

Although The MOC model is well suited for the analysis of column closure waterhammer, its
application may require significant time and effort. An alternate simpler model , referred to as the
Rigid Body Model (RBM), was also presented in the interim TBR. The potential weakness of the
rigid body modeling approach is that the compressibility of water is not considered. Water
compressibility and wave propagation causes the peak pressure in the void to be limited .* However,
by imposing the pressure limit ( represented by Joukowski equation), the pressure pulse may be
closely characterized by using the rigid body model.

Column closure waterhammer tests were performed to provide data under controlled laboratory
conditions. This data was used to benchmark the analytical models described above. Several different
pipe configurations were used to produce column closure waterhammer events utilizing a water
column driven by compressed air. The piping system consisted primarily of 2", schedule 80 pipe,
with a waterhammer producing section isolated by ball valves. ‘

The first configuration (referred to as configuration#1 in the interim TBR) featured a test section
into which steam was introduced from an outside source, which permitted independent control of
the steam and the water conditions. Configuration #1 investigated waterhammer without the
mitigating effects of air in the void. The second configuration ( referred to as configuration#2 in the
interim TBR) featured a test section in which steam was created by boiling water in a portion of test
pipe. Configuration #2 was more representative of real piping systems subjected to external heating.
Configuration #2a and 2b were similar configuration but had some geometrical differences, including



the length of the steam void section. Another difference between the configurations #2 a and #2b
was the boiling sequences. The #2a system was heated until the steam progressed past the UT level
sensors, and then some portion of the steam was condensed back to the void length desired. In the
#2b configuration, sight glasses were used to monitor the void, and the water was only boiled until
the steam void grew to the desired void length.

Configuration #1 test data (Figure 9-18 of the interim TBR) shows some cushioning from steam at
higher closure velocities, when the steam condensation rates cannot keep up with void
pressurization. The Rigid Body Model was used to simulate the column closure. This model
considered steam cushioning in the void, and by adjusting the condensing heat transfer coefficient
to a fixed value of 64,000 BTU/hr ft °F (independent of closure velocity), closely matched the test
data. The method of characteristic was also used to predict the column closure waterhammer. The
result for a specific case reported in the interim TBR (Table 9.5) shows consistency between
experimental data and both the MOC and the RBM modeling approaches.

The Cofiguration #2a and 2b test results (Figures 9-23 and 9-24 of the interim TBR) show the
effects of dissolved non-condensables (air) in the test water. The results of the Configuration #2a
column closure test indicate that as the dissolved oxygen content in the water increases, the
waterhammer peak pressure decreases due to cushioning . However , it should be noted that in the
Configuration #2a test, the void was developed by boiling the steam to a larger size than required,
and then condensing it back to the desired size. As it was discussed in the interim TBR, this
contributed to variability in the actual air concentration of the void and scatter in the 2a test data.
Therefore, without quantifying the uncertainties associated with the air concentration, use of this
data for model validation is questionable.

The Configuration #2b column closure tests do not indicate any pronounced effects of the increased
dissolved air in the water on the waterhammer peak pressure, especially for low closure velocity
(driving pressure) conditions. The Rigid Body Model predictions were also presented in the interim
TBR and they show more sensitivity to the dissolved oxygen content than the test results.

Small scale testing (using one inch copper piping ) was also performed to provide a basis for the
prediction of free gas in the steam void (see Section 9.2.3 of the interim TBR). No scaling rational
for these tests was provided. The conclusion of this testing was that water with dissolved gas will
release at least 40% of its gas (down to the gas saturation point at the highest temperature).
However, without quantifying the biases due to scale distortion or due to non-prototypical
conditions of these tests, the above conclusion is questionable and may not be conservative for
plant applications.

An alternate method of calculating the mass of non-condensable gas released is also described in
section 9.3.1. By calculating the mass of water that boils and then condenses and knowing the initial
concentration of gas in the water, the amount of gas that becomes concentrated in the void can be
calculated. A simplified equation (Equation 9.8 of interim TBR) was obtained by balancing the heat
transferred from the condensing steam with the heat absorbed by the piping during the void
formation. It should be noted that, in the presence of external heat transfer from the containment
atmosphere to the piping , the validity of this equation is questionable and may not be conservative.



The major components of the suggested utility approach for evaluating the column closure
waterhammer are shown in Figure 3 (see also Appendix H of the interim TBR). This evaluation
requires many important input parameters ( such as void length and location, void temperature, and
flow distributions in the system) which are obtained from thermal hydraulic analysis of the voiding
phase. However , as discussed earlier in Section 2, the Interim TBR does not provide any guidance
for such system thermal hydraulic and voiding analysis to quantify these parameters. It should be
noted that the element of “ determination of equivalent void & water column lengths”, shown in
Figure 3, only refers to calculation of equivalent lengths ( based on the actual void and water column
locations) required for the simplified representation of the system for the proposed evaluation
methodology and does not refer to a thermal hydraulic and voiding analysis.

The term “first order velocity™ refers to the impact velocity which can be approximated by the
inertia or friction limits (see section 9.6.2.1 of the interim TBR). The interim TBR also recognizes
that in an actual plant system, a previously qualified system hydraulic model can also be used to
determine a more accurate value for the 1* order velocity.

The term ““ second order velocity “ refers to the impact velocity that is calculated after considering
the effects of steam condensation and /or gas compression in the void (cushioning). The interim TBR
presents a series of plots which characterize the ratio of the second order velocity to the first order
velocity. The second order velocity was calculated using the Rigid Body Model. Multiple simulations
were performed with the different flow coefficients, lengths, velocities, and air masses . In terms of
using the suggested utility approach for evaluating CCWH, the interim TBR establishes limitations
for the velocity, air mass, temperature, water column size ,and void length( see Table 9.6 of interim
TBR) so that plant specific simulation, using RBM or MOC models, is not necessary. As noted in
the interim TBR, an alternate condensing model may be required if the velocity, air, or temperature
limits are not met. However , the interim TBR does not provide any guidance about how this
alternate condensation model should be obtained and how to validate the RBM or MOC models
when these limits are not met. '

Theoretically, a waterhammer event produces a square wave with a finite duration based on the
water-solid length through which the wave travels to a reflecting surface. However, in reality , the
analytical square wave model is modified due to several phenomena including partial reflections
from changes in direction . The leading edge of the wave front does not have an instantaneous rise
but has a finite “ rise time” over which the pressure magnitude increases from the steady state value
to the elevated transient pressure. The rise time is particularly important to the structural loading of
the piping, since loads are dependent on the slope of the rise.®! The interim TBR recommends a
trapezoid representation of the pressure pulse. In developing a trapezoid pulse model, the area of
a square wave was conserved. '

Utilizing the Joukowski equation , the peak waterhammer pressure pulse (without any clipping) can
be calculated by using the 2™ order velocity. The interim TBR also provides guidance for
determination of the .rise time, sonic velocity, duration, transmission coefficients, flow area
attenuation, and peak pressure clipping to determine the peak pressure pulse and the shape and
attenuation of the pulse as it travels through the system.
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The rise time was assumed to be inversely proportional to the impact closure velocity . A
conservative bounding proportionality constant was derived from the results of RBM simulations
for a range of cases and from the actual Configuration #1test data ( see Section 9.2.4 of interim
TBR).

It should be noted that , at a separate facility, tests referred to as the thermal layer tests were also
performed. Although, the interim TBR provides the description of the test configuration and results,
no guidance has been provided on whether or how the results of these tests are used for CCWH
evaluation.

S. SUMMARY AND CONCLUSIONS

The results of the industry initiative for realistic evaluation of the GL 96-06 waterhammer loads ,
as documented in the interim TBR, has been reviewed. The interim TBR provides a comprehensive
approach for evaluating the GL96-06 waterhammer issues. A general overview of the analytical
methodology, noting strengths and limitations in the approach, was provided and the following
weaknesses were noted :

- No specific guidance for system thermal hydraulic and voiding analysis was provided.

-Further clarifications on validation and endorsement of the criteria (suggested in
NUREG/CR-6519) for the assessment of the condensation induced waterhammer are
needed.

- No specific guidance for plant-specific evaluations of other waterhammer mechanisms
was provided.

An integrated testing and analysis program was undertaken to develop methods that allow for the
evaluation of loads associated with two waterhammer mechanisms: (1) condensation induced
waterhammer during the voiding phase, and (2) column closure waterhammer during the refill phase.
The following limitations and weaknesses with these methodologies were discussed:

- A proper justification for the conclusion that the CIWH pressures are independent of pipe
diameter (Froude number) for the range of concern (2" to 12") is needed.

- A more explicit quantitative requirement on the concentration of non-condensables in the
water, so that CIWH will not have to be explicitly calculated, is needed.

- Without quantifying the uncertainties associated with the void air concentration, use of the
Configuration #2a data for model validation is questionable.

- Without quantifying the biases due to scale distortion or due to non-prototypical condiiions
of the small scale testing, the conclusion of this testing (that water with dissolved gas will
release at least 40% of its gas) is questionable and may not be conservative for plant
applications.
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- In the presence of external heat transfer from the containment atmosphere to the piping,
the validity of the alternate method of calculating the mass of non-condensable gas
released is questionable and may not be conservative.

- No guidance was provided on how an alternate condensation model should be obtained,
and how to validate the RBM or MOC models, if the velocity, air, or temperature limits
are not met.

Although the important physical processes of interest to GL 96-06 waterhammer issues have been
identified , no_systematic scaling methodology has been adopted to ensure that the models are valid
for actual plant conditions. An integrated methodology similar to the one developed for severe
accident technical issue resolution!® may be useful for resolving the GL 96-06 water hammer issues.
The RBM model , in particular , is very useful for a top-down or system approach to the scaling
analysis.
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NRC STAFF COMMENTS RELATED TO
EPRI INTERIM REPORT TR-113594,
“RESOLUTION OF GENERIC LETTER 96-06 WATERHAMMER ISSUES”
- DATED JULY 1999

Technical Comments:

+ Page 8-4, Section 8.1.4; it should be emphasized that the velocities of both the impacting
and the impacted columns of water should be calculated and that the relative velocity
between the two columns is the impact velocity of interest.

» Page 8-10, last paragraph, draws the conclusion that CIWH is independent of pipe size.
However, the scatter in the data in Figure 8-5B makes this conclusion very suspect.

» Page 8-17, transducer limited to 1000 psig; what is effect on data?
+  Figure 8-8, is there a bounding curve (other than Joukowski)?
«  Figure 8-9, K,,,,=3 is not bounding; a more conservative value should be used. \

+  Figures 8-11, 8-13, and 8-14, need to explain why 1000 psig limit is not a problem. Also, is
there a bounding curve for this data?

+  Figure 8-12, not bounding for much of the data; assumption for K seems non-conservative.

+  Figure 8-17, need to explain why 1000 psig limit is not a problem. Also, what to make of the
deaerated loop seal data, and what about aerated loop seal test data?

+ Page 8-24, the discussion neglects the condensing effect of the pipe wall. | would think that
this could change the conclusions for the range of pipe sizes being considered (i.e., 2" to
16").

+ Page 8-26, the conclusion stated in the last paragraph needs to be reexamined based on
test data in Figures 8-14 and 8-17, and lack of data for aerated loop seal configuration.

«  Page 8-27, 7" bullet; there is no data for the aerated loop seal case for making this
conclusion.

+ Page 8-27, last bullet; this is not entirely correct. The occurrence of a CCWH does not
necessarily represent the worst case condition since it may not include the worst case
single active failure.

+ Page 9-3, Section 9.1.2; it is not clear how the value “R” is determined. Also, the pulse

duration is increased by a 1/R factor for the impulse to equal the momentum change in
stopping the columns. However, the actual duration can be no more than 2L/C, which is

Enclosure 3



fixed. Therefore, the method of letting a single impuise equal the total momentum, does not
appear to apply.

Page 9-7; the discussion about the condensation of steam on the piping surface (next to
last paragraph) is not consistent with the condensing surface area that is described on
Page 8-24.

Page 9-11, Number 2 (at the bottom of the page); what other exceptions are there that are
non-conservative that need to be identified and recognized as exceptions to the rigid body
model? How is this addressed in the road map?

Page 9-13, the test configuration is not representative of actual plant configuration, with
horizontal tubes of the fan cooler connecting with vertical risers of various diameters, and
various elevations relative to the rest of the piping system. Application of the test data is
suspect and must be justified.

Figure 9-9A; curve fit should be based on 0-to-40 second period to be more reflective of the
actual scenario.

Page 9-16; items 1, 2, and 3 are a stretch and probably non-conservative; also, not
supported by test data.

Page 9-17, Section 9.2.3.1; should include some discussion or comparison of the situation
that could arise where all of the noncondensible gas is not concentrated in one place.

Page 9-17, last paragraph; discussion about condensation on pipe surface is not consistent
with the discussion on page 8-24. Also, Equation 9.5 fails to consider the effect of the
containment temperature on the pipe wall.

Page 9-18, Section 9.2.4; the inverse relationship between rise time and velocity appears to
be based on observation only. Waterhammer theory does not appear to predict forcing
functions other than simple rectangular shapes. Is there a theoretical basis for the
assumed relationship?

Page 9-18, eq. 9.5; what about contribution of pipe heat that is due to containment
temperature?

Page 9-19, 1* sentence; use of Appendix E in this fashion would be outside the scope of
the NRC endorsement. This would be true for anything that falls outside the road map
methodology. :

Page 9-34 (Figure 9-18), the data is not bounded by Joukowski on the low end, and the
rigid body model also does not bound all of the data. Some explanation is needed to
apparent reflect on this lack of conservatism.



Page 9-35, Table 9-5; the rigid body model without the steam cushion appears to be
conservative, while the other methods do not. Justification for use of the other two methods

is needed.

Page 9-36, 2" paragraph; the conclusions are not at all obvious from the test data (Figure
9-19). Also, 3" paragraph conclusion -- where is the data and figure that demonstrates
this?

Page 9-36, last paragraph; thermal layer discussion (especially with regard to upstream
piping) is too speculative and does not take into consideration the various piping
arrangements that can exist (e.g., check valves to prevent back flow). Also, the discussion
in Number 2 is not consistent with the piping arrangement that is offered for the air release
argument (Page 9-16), and the discussion that follows on Page 9-37 is mostly speculation
(and intuitive), and not much can be made of it as far as the actual methodology is
concerned.

Page 9-38, Fig. 9-19; the question that was raised during a previous meeting (what to make
of it?) remains to be addressed.

Page 9—39; last paragraph; the value of K, bounds most of the data (Figure 9-21), but why
isn't a value selected that bounds all of the data? The specific exceptions must be
identified and justified in establishing a conservative approach.

Pages 9-43 & 9-44; (Figures 9-23 & 9-24); some additional explanation and consideration is
needed. The effect of air is evident in Figure 9-23, but the exact amount of air is unknown
due to the 2a test arrangement. The effect of air is not evident in Figure 9-24 where the
amount of air is known (2b test arrangement). Also, the rigid body model is not bounding
for all data.

Page 9-44; the effects of air cushioning do not seem very obvious.

Page 9-47, Figure 9-26; does this include the effects of pipe heating from containment
atmosphere?

Page 9-49; how to determine the flow coefficient K?

Page 9-50, is the 200 °F temperature low enough to include the anticipated low pressure
situations that can resuit from column separation?

Page 9-51; the approach described in Number 3 would not be included in the NRC
endorsement without a better understanding of how this would be applied to assure
conservative results. Also, the exact approach for crediting attenuation due to rarefaction
waves must be clear for NRC endorsement, and amplification effects must be included in
the approach.

Page 10-11, Section 10.2; it is recommended that for consideration of the effects of fluid-
structure interaction (FSI), the peak pressure should be increased by 15% while the
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pressure pulse would be attenuated by system specific geometry, structural stiffness, and
pulse characteristics. However, the waterhammer test data does not appear to indicate a
significant correlation between the peak pressure and piping structural characteristics.

- Additionally, there is significant uncertainty in the modeling parameters involved in
evaluating a coupled fluid and structure, such as the fluid and structural wave speeds
(especially when there is air or phase separation), the duration and timing of structural and
fluid pulses, and the structural stiffness. For these reasons, the staff agrees with the final
statement made in Section 10.2 wherein it is not recommended that FSI be specifically
analyzed.

Page 10-16, Section 10.2.3; explain why attenuation of 10% at each change in direction
only gives a 50% reduction in pressure after 8 changes in direction.

Page 11-1, Section 11; a general discussion should be provided relative to how loads are
applied to the piping structure, including the application of dynamic load factors to static
loads and the application of force-time histories by direct integration techniques. A
discussion of necessary bench marking of structural codes for the fluid dynamic loads and
the necessary analysis parameters (such as frequency cutoff and time step size) should be
provided.

Page 11-3, Section 11.2.1; a discussion is provided wherein it is stated that there is little
response from adjacent supports. However, the test piping has significant bending stiffness
and would be expected to transfer some portion of the fluid dynamic loads to surrounding
supports. To the extent that some load is actually transferred to points other than the
immediate support, the resulting computation of dynamic load factors (DLFs) in Section
11.2.2 may be non-conservative.

Page 11-5, Section 11.2.2; the DLFs for the proposed trapezoidal load shape are a family
of curves lying between the triangular and square shape DLFs, and can approach a value
of 2 for certain durations and/or rise times of a single pulse. it should be emphasized that
DLF values may need to be increased in some cases to address uncertainties either in the
load definition or in the structural model. In addition, waterhammer forces typically consist
of several cyclic reversing pulses which repeat for several full cycles. For certain
frequencies, structural response is amplified with each pulse such that the DLF will greatly
exceed a value of 2.

Page 11-8, Section 11.2.3; it is concluded that a trapezoidal characterization of the actual
fluid pressure history is an accurate approximation. However, this conclusion is reached
with knowledge of the actual pressure history for the test. In applying trapezoidal pressure
loads in an analysis where the pressure loads are the result of a hydraulic analysis and only
peak loads are determined, it is important to emphasize the need to address uncertainties
regarding the pressure load duration and rise times.

Page 11-8, Section 11.2.3; the comparison of analyzed trapezoidal loads to actual

measured loads is made with good knowledge of the structural frequencies. It should be
emphasized that uncertainties in the structural frequencies need to be addressed in the
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structural model, because the response of the piping structure is sensitive to both the
duration and rise time of the pressure pulse loads.

Page 11-8, Section 11.2.3; a discussion should be provided of the structural damping
values assumed in the ADLPIPE and ANSYS analyses. If none were assumed, then it
should be emphasized that the recommended method is to similarly assume no damping in
order to be consistent with the verification of the proposed analysis method.

Page E-9; the second bullet refers to FAI data to justify the 5 L/Ds. Where, specifically in
the report, is this information and conclusion presented?

Page E-9; the last bullet discusses steam condensation on the metal pipe surface. This
discussion is not consistent with what is presented on Page 8-24.

Page E-13, second paragraph; the discussion indicates that the exact amount of air in the
void was not measured in either testing program. It is important to keep this “unknown” in
mind when trying to draw conclusions from the data.

Page E-33, under Pipe Size; indicates that it is unnecessary to simulate heat transfer to or
from the pipe wall during the closure process. This seems inconsistent with some of the
discussion in other areas of the report (Pages 9-7, 9-17).

Page E-41; a void temperature greater than 200 °F may not include some of the low
pressure applications that could result during column separation.

Page E-42; if plant conditions fall outside the limits, pant-specific submittal will be required
- to address this.

Page E-53, Section 2.3.1.1; how does licensee confirm that limitation is satisfied?

Page E-58, Table 2.3, the MOC peak pressure is non-conservative in a couple of cases,
indicating that some adjustment may be needed.

Page E-87, Nos. 3 and 4 would be beyond scope of NRC endorsement.

Page G-19, 8" line; the statement is not consistent with discussion in Appendix E and in
other locations (e.g., Page 8-24). Also, relative to this discussion, the air concentration is
an unknown quantity in the testing that was performed which limits the discussion to one
that is qualitative in nature.

Page G-22, Section 2.2, 2™ sentence; where’s the data and graphical display that supports
this conclusion?

Page G-23, Table 2-3, Number 3; how was the initial air concentration determined if air
measurements were not taken? '



Page G-24, 1* paragraph; “experimental scatter” may also be due to varying amounts of air
(if this was an unknown). The reason for the “experimental scatter” should be looked at
more closely and taken into consideration when evaluating the test results.

Page G-24, Section 2.4, the discussion about heating of the surrounding pipe wall seems to
be inconsistent with information discussed elsewhere (Page 8-24, and Appendix E).

Page G-25, Section 3.1; the significant scatter (which could be due to variations in air
content) is an important part of the data that must be considered when establishing a
conservative analytical methodology. The TBR doesn’t appear to appreciate this particular
aspect of the data that has been collected.

Page G-26, last sentence; not consistent with discussion in Appendix E, and probably
incorrect as well.

Page G-32, why is “Estimated Rise Time" called out?

Page G-27, neglects heating of pipe wall from containment atmosphere - could be
substantial. :

Page G-44, discussion in 2™ paragraph about Figures 3-3a and 3-3b; the correlation of
waterhammer strength with Jakob number is not really all that obvious for much of the data.

Page G-51, 5™ line from the bottom; discussion about “substantial increased
noncondensible gas, due to the effect of heating the pipe wall...” is not consistent with
discussion in Appendix E, and not necessarily true; speculative.

Page G-57; discussion about the influence of thermal layer in comparison to
noncondensible gases is not necessarily true, and has not been demonstrated. Also, it is
speculative as to how much air will be released by heating of the pipe wall. In some plant-
specific applications, much of the pipe wall heating will be from containment heating of the
outside surface of the pipe and not so much from the inside out.

Page G-61, 3" sentence; this seems to be inconsistent with discussion about impulse on
Page 8-16.

Page H-10, Figure 3.1; the road map should reflect the complete methodology, not just
CCWH. Criteria and exceptions need to be clearly indicated.

Editorial Comments:

Symbol No. 43 has a typo in the description.
Reference to NUREG-5220 should be NUREG/CR-5220 throughout.
Page 1-1, 1* paragraph, last sentence -- use of “most” would be more accurate.
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Page 1-3, last sentence under Thermal Layer should be “waterhammers.”

Section 1.5, what are the limitations? Should they be listed?

Page 1-5, use of “CCWH waterhammer” is redundant

Page 3-2, power is restored “to the SW pumps”

Page 4-2, Section 4.1.1, last paragraph, the last sentence should state “The Froude
number is calculated as follows:” in order to avoid any confusion about 1.0 being the
minimum acceptable value for this application.

Page 5-1, last sentence should provide some explanation as to why this is so.

Page 6-5, Table 6-2 is being crowded by the documentation below.

Page 6-8, Section 6.4, last sentence of the first paragraph -- NRC expectation is that a best
estimate approach is used to ultimately arrive at a “credible methodology” that is

conservative. Some clarification is needed here.

Tables 6-3, 6-4, 6-5, and 6-6; info should be better reflected in the Appendix H Road Map
(e.g., vertical risers, closed end branches)

Table 6-7, no reference to Appendix H in first bullet, typo in 2" bullet (should end with
period), and alternate wording is suggested for the 2™ bullet -- “which indicates that CCWH
is more limiting than CIWH in most low-pressure service water system applications.”

Table 6-7, page 6-13, omit the 2™ sentence of the last bullet.

Section 7 seems to be very short on data upon which decisions can be made. What can
we make of this?

Page 8-1, should state “NUREG/CR-5220.”

Page 8-2, “E=28E psi” typo?

Page 8-5, move eq. 8.9 down below the paragraph.

Page 8-10, a blanket statement that CIWH magnitude is independent of pipe size seems a
bit too strong given the limited amount of data that’s presented and the variation in data
scatter between the two pipe sizes.

Page 8-10, why was a of 0.5 selected for the comparison?

Page 8-11, no Analytical Model in Fig. 8-5.B, remove from legend.

Page 8-24, 3" paragraph; should say “area.”
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Page 8-26, 6™ line from the bottom; is “The longer duration, lower duration events” what
was intended here? | was expecting it to say “The longer duration, lower pressure events.”

Page 8-27, 2™ bullet; should it be “normal aerated water tests?”

Page 8-27, last three bullets; need to reflect these in the road map; need to be clear on how
much non-condensables is necessary to qualify; and last bullet should refer to “the worst-
case CCWH.”

Page 9-2, 1* sentence; should state “The magnitude of the...”

Page 9-16; how to determine air concentration of water for a given system configuration
(i.e., open loop, closed loop)?

Page 9-20, eq. 9.10; shouldn’t there be parentheses after the 2?

Page 9-37, 1* paragraph; this conclusion is not at all obvious and probably incorrect. The
upstream boundary layer probably is formed for the most part after flow is reinitiated
through the fan cooler. Also, “fil” should be “fill.”

Page 9-38, Figure 9-19; spelling of Jakob.

Pages 9-43 & 9-44 (Figures 9-23 and 9-24), the title is incomplete, the units are missing
from the oxygen content, and the key is incomplete.

Page 9-36, No. 2 is rather speculative and dependent on system configuration (e.g., what if
there is a check valve to prevent flow?).

Page 9-50, 3" paragraph and last paragraph, typos.

Page 9-50, Info needs to be reflected in the road map. Also, is restriction on T(void) low
enough for typical plant?

Page 9-51, Reductions in second order velocity (nos. 3 and 4) and attenuation w/out
amplification considerations?

Pages 9-52 through 9-57; how to determine mé air for void, also distinction between open
loop and closed loop systems.

Page 10-8; 3" bullet from bottom, should be “less than the distance.”
Page 10-15; Figures 10-10 and 10-11 appear to be labeled wrong.
Page 10-16, Section 10.2.3, 1* paragraph; if attenuated 10% at each change in direction,

why does it take 8 changes in direction to attenuate 50% (i.e., why not 5 changes in
direction)?




Page 11-6; page not numbered, and should include the results of ANSYS and ADLPIPE
correlation.

Page 11-8; page not numbered, sentence in the 2" paragraph would be clearer if a hyphen
was used “A set of 44 test-measured pressure traces from the tests was used,” and where
it refers to Figure 11-6 (end of 2" paragraph) shouldn't this be Figure 11-7?

Page 12-1; need to include guidance (in appropriate section of TBR) for evaluating LOOP
only waterhammer, and include the 15% assumed amplification when crediting attenuation.

Page 13-1; Reference 4 should be NUREG/CR.
Page A-2; should give the table a name so it can be referred to.

Page C-2; 1% paragraph talks about an analytical model presented above. There is no
“above.”

Page D-2, 2™ paragraph; should state that “Voiding occurred in a horizontal pipe..."

Page D-3; the sentence “The pressure measurements were made with...” is redundant to
the previous sentence.

Page E-9 and Figure 1.1-B; says piping surface area was ignored; not consistent with
discussion in Appendix G.

Page E-34, bottom of page; the equation that is referred to is missing.

Pages E-35 & E-41; is this reflected in road map/screening criteria?

Page E-45, 1% sentence; should it state “steam condensation rate?

Page E-60, No. 1 is incomplete.

Page E-86, 1% line; should say “plant with a means for taking credit...”

Page E-96; what happened to general recommendation that FSI not be included?
Appendix G; this appendix is very confusing and not easy to follow. Except for the
qualitative value (which is intuitive for the most part), it is not clear how the test data can be
used in a more rigorous, quantitative fashion. Also, it is not clear why it was important to
collect the test data in some arbitrary, random order (mentioned on the bottom of Page G-
31). Some additional thought and effort is needed to determine how the data can be used
(i.e., what can be made of it, especially since the air content was not measured), and how
to best present the information so it can be easily understood.

Page G-6 & G-7, the sentence that starts at the bottom of Page G-6 does not make sense.

Page G-24, last line; should be NUREG/CR.
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Page G-25, 8" line; should state “on the abscissa were manipulated...”

Pages G-26, Section 3.2; since the air content was not measured, the test resuilts are
limited in their application.

Page G-35, in looking at the numbers, it appears that some of the data is not listed (Test
Nos. 207 through 220, and 228 through 299). Also, there is no explanation about what the
abbreviations are (WH, U, S).

Page G-44, 1® sentence; not well written.

Page G-46, Figure 3-3b; abscissa is not labeled.

Appendix G, Figures 3-4b & 3-5b; check spelling of “Jakob."

Page G-51, last sentence of 1* paragraph; should state ‘information shown in...”

Page G-56, bottom half of page; the discussion is confusing and whatever the point is, it
needs to be better explained.

Page G-58; should move the figure to Page G-56.

Page G-62, 2™ line of 2™ paragraph; should state “derivative of the acceleration or...” Also,
should 3" sentence say 100 msec instead of 10 msec?

Page G-63, Figure 3-11; the figure appears to be out of place relative to the text.

Page G-64 and beyond; many figures are illegible (especially axis information), some
enhancement is needed.

Page G-66, Figure 3-14, at top, should say “only the Condensate.”
Page G-69, what are units of ordinate axis?

Page G-71, Ref 4; should be NUREG/CR.

Page H-8, Section 3.7; should either say equation 9.9 or Figure 9.10.
Page H-7, Section 3; should be in body of report, not in an appendix.

Page H-10, Figure 3.1, there is no action referred to coming out of the LOOP waterhammer
box, and the diamond should refer to Table 9-6, not Table 9-5.

Page H-22, should refer to equation 9.9.
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