
 

EMF-2103(NP)(A)  
Revision 0  

Realistic Large Break LOCA  
Methodology for Pressurized 

Water Reactors 
 
 
 
 

April 2003 





U.S. Nuclear Regulatory Commission
Report Disclaimer

Important Notice Regarding the Contents and Use of This Document

Please Read Carefully

This technical report was derived through research and development
programs sponsored by Framatome ANP Richland, Inc.  It is being
submitted by Framatome ANP Richland, Inc. to the U.S. Nuclear
Regulatory Commission as part of a technical contribution to facilitate
safety analyses by licensees of the U.S. Nuclear Regulatory
Commission which utilize Framatome ANP Richland, Inc. fabricated
reload fuel or technical services provided by Framatome ANP
Richland, Inc. for light water power reactors and it is true and correct
to the best of Framatome ANP Richland, Inc.'s knowledge,
information, and belief.  The information contained herein may be
used by the U.S. Nuclear Regulatory Commission in its review of this
report and, under the terms of the respective agreements, by
licensees or applicants before the U.S. Nuclear Regulatory
Commission which are customers of Framatome ANP Richland, Inc.
in their demonstration of compliance with the U.S. Nuclear Regulatory
Commission's regulations.

Framatome ANP Richland, Inc.'s warranties and representations
concerning the subject matter of this document are those set forth in
the agreement between Framatome ANP Richland, Inc. and the
Customer pursuant to which this document is issued.  Accordingly,
except as otherwise expressly provided in such agreement, neither
Framatome ANP Richland, Inc. nor any person acting on its behalf:

a. makes any warranty, or representation, express or implied,
with respect to the accuracy, completeness, or usefulness of
the information contained in this document, or that the use of
any information, apparatus, method, or process disclosed in
this document will not infringe privately owned rights;

 or

b. assumes any liabilities with respect to the use of, or for
damages resulting from the use of, any information,
apparatus, method, or process disclosed in this document.











































































August 20, 2001 
NRC:OI :035 

Document Control Desk 
ATTN: Chief, Planning, Program and Management Support Branch 
U.S. Nuclear Regulatory Commission 
Washington, D.C. 20555-0001 

Request for Review of EMF-2103(P) Revision 0, Realistic Large Break LOCA Methodology for 
Pressurized Water Reactors 

Framatome ANP requests the NRC's review and approval for referencing in licensing actions the 
topical report EMF-21 03(P) Revision 0, Realistic Large Break LOCA Methodology for Pressurized 
Water Reactors. One CD containing a proprietary version of the report and one CD containing the 
non-proprietary version of the report are enclosed. We request that the NRC approve this report by 
September 1, 2002. Framatome ANP plans to apply this methodology to the analysis of the 
H. B. Robinson plant. 

Several documents referenced in the topical report are being provided in a separate transmittal. 
These documents are intended to facilitate the NRC's review and approval. The computer codes 
used to execute the methodology and input for a sample problem are also being provided separately. 

Framatome ANP intends to make minor modifications to the methodology described in the topical 
report after its approval. These modifications will facilitate the integration of the fuel designs 
developed by Siemens Power Corporation and Framatome Cogema Fuels. These changes will 
extend the range of applicability of the methodology to other plants types (B&W>, another fuel 
cladding type (M5), and an additional fuel rod code (COPERNIC). Since these modifications will be 
submitted for review and approval soon after the base methodology has been accepted, these 
planned modifications should be taken into account during the review. 

Framatome ANP considers some of the information contained in the enclosed report to be 
proprietary. As required by 10 CFR 2.790(b), an affidavit is enclosed to support the withholding of 
the information from public disclosure. 

Very truly yours, 

w' James F. Malay, Director 
Regulatory Affairs 

cc: R. Caruso 
R. Landry (w/enclosures) 
N. Kalyanam (w/enclosures) 
J. S. Wermiel Project 702 

Framatome ANP Richland, Inc. 

2101 Horn Rapids Road Tel: (509) 375-8100 
Richland, WA 99352 Fax: (509) 375-8402 



A F F  I D A V I T  

STATE OF WASHINGTON ) 
) ss. 

COUNTY OF BENTON ) 

1. My name is James F. Malay. I am Director, Regulatory Affairs, for 

Framatome ANP ("FRA-ANP"), and as such I am authorized to execute this Affidavit. 

2. I am familiar with the criteria applied by FRA-ANP to determine whether 

certain FRA-ANP information is proprietary. I am familiar with the policies established by 

FRA-ANP to ensure the proper application of these criteria. 

3. I am familiar with the FRA-ANP material enclosed in report EMF-2103(P), 

Revision 0, "Realistic Large Break LOCA Methodology for Pressurized Water Reactors," 

transmitted with letter NRC:OI :035, and referred to herein as "Document." Information 

contained in this Document has been classified by FRA-ANP as proprietary in accordance with 

the policies established by FRA-ANP for the control and protection of proprietary and 

confidential information. 

4. This Document contains information of a proprietary and confidential nature 

and is of the type customarily held in confidence by FRA-ANP and not made available to the 

public. Based on my experience, I am aware that other companies regard information of the 

kind contained in this Document as proprietary and confidential. 

5. This Document has been made available to the U.S. Nuclear Regulatory 

Commission in confidence with the request that the information contained in the Document be 

withheld from public disclosure. 



6. The following criteria are customarily applied by FRA-ANP to determine 

whether information should be classified as proprietary: 

The information reveals details of FRA-ANP’s research and development 

plans and programs or their results. 

Use of the information by a competitor would permit the competitor to 

significantly reduce its expenditures, in time or resources, to design, produce, 

or market a similar product or service. 

The information includes test data or analytical techniques concerning a 

process, methodology, or component, the application of which results in a 

competitive advantage for FRA-ANP. 

The information reveals certain distinguishing aspects of a process, 

methodology, or component, the exclusive use of which provides a 

competitive advantage for FRA-ANP in product optimization or marketability. 

The information is vital to a competitive advantage held by FRA-ANP, would 

be helpful to competitors to FRA-ANP, and would likely cause substantial 

harm to the competitive position of FRA-ANP. 

In accordance with FRA-ANP’s policies governing the protection and control 

of information, proprietary information contained in this Document has been made available, on 

a limited basis, to others outside FRA-ANP only as required and under suitable agreement 

providing for nondisclosure and limited use of the information. 

8. FRA-ANP policy requires that proprietary information be kept in a secured file 

or area and distributed on a need-to-know basis. 



9. 

information, and belief. 

The foregoing statements are true and correct to the best of my knowledge, 

B SUBSCRIBED before me this d- 3 ' 
day of , 2001. 

v Susan K. McCoy 
NOTARY PUBLIC, STATE OF WASH 
MY COMMISSION EXPIRES: 1/10/04 

GTON 



March 1, 2002 
NRC: 02:O 15 

Document Control Desk 
ATTN: Chief, Planning, Program and Management Support Branch 
U.S. Nuclear Regulatory Commission 
Washington, D.C. 20555-0001 

NRC Review of EMF-2103(P) Revision 0, Realistic Large Break LOCA Methodology for 
Pressurized Water Reactors 

Ref.: 1. Letter, J. F. Mallay (FRA-ANP) to Document Control Desk (NRC), "Request for Review of 
EMF-21 03(P) Revision 0, Realistic Large Break LOCA Methodology for Pressurized Water 
Reactors," NRC:OI :035, August 2001 (Accession #MLOI 2400042). 

Framatome ANP requested the NRC's acceptance for referencing in licensing actions the topical 
report EMF-21 03(P) Revision 0, "Realistic Large Break LOCA Methodology for Pressurized Water 
Reactors" in Reference 1. Two documentation errors have been identified since the submittal of 
Reference 1. The attachment to this letter contains two corrected pages which Framatome ANP 
proposes to use when the A version of EMF-21 03 is issued following NRC review and approval. 

The change on page 4-97 deletes the following sentences: 

As this value was based solely on data at 40 psia (2.76 bar), a penalty bias was included to cover the 
possibility of the system pressure falling below this value. The hydrodynamic film instability theory of 
Berenson was used to develop this pressure bias (Reference 5). 

The use of a pressure bias was considered during the development of the methodology but was 
determined to be unnecessary due to the extensive conservatism inherent in the base model. The 
primary conservatism derives from basing the Tmi, model on tests using stainless steel clad. 
Comparison of quench data for zircaloy clad quantify this conservatism to be around 200°F. A 
complete discussion of this model and the inherent conservatism is given in EMF-21 02. 

The change on page 5-22 deletes the entry "ECCS Losses" from the table. The ECCS losses are 
dominated by variations in break size and are therefore not treated separately. In addition, data from 
a series of accumulator drain down tests showed only a f 3 %  variation. 

Framatome ANP, Inc. 

21 01 Horn Rapids Road Tel: (509) 375-8100 
Richland, WA 99352 Fax: (509) 375-8402 

~. ~ . . ~~ ~~~~ -~ .. . ~ . ~  ~ ~ . . ~..~ ~- ~- 



Document Control Desk 
March 1, 2002 

NRC:02:015 
Page 2 

Framatome ANP considers some of the information contained in the enclosure to this letter to be 
proprietary. The affidavit provided with the original submittal of EMF-2103(P) Revision 0 (Reference 
I )  satisfies the requirements of I 0  CFR 2.790(b) to support the withholding of this information from 
public disclosure. 

James F. Malay, Director 
Regulatory Affairs 

Imk 

Enclosure 

cc: R. R. Landry 
J. S. Cushing 
D. G. Holland 
Project 693 



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for 

Pressurized Water Reactors Page 4-97
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                                                            ] 

The probability density functions are defined by the following two equations. The coefficients for 

the equations vary depending on whether they are to be applied to FILMBL (low void fraction) or 

FRHTC (high void fraction). 

[                                                                                                         ] 

[                                                                                                                                               ]  
These are given in Table 4.20. 

4.3.3.2.6 Tmin 

A set of seven FLECHT SEASET tests was used to evaluate the trends in Tmin at low pressure.  

Quench temperatures improve at higher pressures; hence, a Tmin uncertainty based on low 

pressure data was expected to bound high pressure data.  This was validated with data from 

ROSA/TPTF, the ORNL/THTF and the Westinghouse G1/G2 tests.  Examination of FLECHT 

SEASET data showed that based on observable conservatisms, only the 3 in/s reflood rate test 

(Test #31302) was necessary to evaluate a bounding Tmin uncertainty (Reference 5).   

From the FLECHT SEASET data and from an evaluation of code uncertainty with regard to how 

the LBLOCA multiplier relates to Tmin, [ 
                                                                        ]  The uncertainty evaluation has been 

demonstrated to be a conservative bounding distribution relative to other datasets.   

 

4.3.3.2.7 Break Flow 

Break flow is a function of break area and critical flow uncertainty.  [  



EMF-21 03(NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page 5-22 

Table 5.6 Relationship of Uncertainty Parameters to Computer Code Input 

Frarnatorne ANP Richland, Inc. 



f FRAMATO-M-E ANP 

May 1,2002 
NRC:02:024 

Document Control Desk 
ATTN: Chief, Planning, Program and Management Support Branch 
U.S. Nuclear Regulatory Commission 
Washington, D.C. 20555-0001 

NRC Review of EMF-2103(P) Revision 0, Realistic Large Break LOCA Methodology 
for Pressurized Water Reactors - Appendices D and E 

Ref.: 1 Letter, J. F. Mallay (FRA-ANP) to Document Control Desk (NRC), “Request for 
Review of EMF-2?03(P) Revision 0, Realistic Large Break LOCA Methodology for 
Pressurized Water Reactors,” NRC:OI :035, August 20, 2001 

Framatome ANP requested the NRC’s acceptance for referencing in licensing actions the 
topical report EMF-21 03(P) Revision 0, “Realistic Large Break LOCA Methodology for 
Pressurized Water Reactors” in Reference 1. The purpose of this letter is to submit two 
appendices (D and E) to EMF-2103(P). We request that these appendices be included in 
the NRC’s review and approval of EMF-2103 (P). Appendix D provides a sample 
application of the EMF-2103 methodology to a 3-loop Westinghouse plant. Appendix E 
describes the incorporation of M5 cladding properties into the realistic methodology. 

A CD containing proprietary and non-proprietary versions of Appendix D and Appendix E is 
enclosed. The attachment to this letter provides a list of the files contained on the CD. 

Framatome plans to include Appendices D and E in the approved version of EMF-2103(P) 
following receipt of the NRC safety evaluation report. The table of contents in the approved 
version of EMF-21 03(P) will be modified to reflect these appendices. 

Framatome ANP considers some of the information contained in the enclosure to be 
proprietary. The affidavit provided, with Reference 1, satisfies the requirements of 10 CFR 
2.790(b) to support withholding of this information from public disclosure 

W I k A  
Very truly yours, 

James F. Mallay, Director 
Regulatory Affairs 

Attachment/Enclosures 

cc: R. Caruso 
D. G. Holland 
Project 693 



Document Control Desk 
May 1, 2002 

Attachment A 

Attachment to NRC:02:024 
Page A-l 

Listing of files contained on the enclosed CD 

Readme. txt File containing listing and description of files on the CD. 

EMF-21 03( P)-Appendix-D-Sam ple-Westing house~3~Loop~PWR~Licensing~Analysis. pdf 

Sample Westinghouse 3-lOOp PWR Licensing Analysis, 
Appendix D to EMF-2103 (Proprietary Version) 

EMF-2 1 03( P)-Appendix-E-I ncorporation~of~M5~CIadding~Properties.pdf 

Incorporation of M5 cladding Properties, Appendix E to EMF- 
2103 (Proprietary Version) 

EMF-21 03(P)-TOC.pdf Updated table of contents and nomenclature for EMF-2103 
that includes Appendix D and Appendix E. (Proprietary 
Version) 

EMF-21 03(P)-TOC.pdf Updated table of contents and nomenclature for EMF-2103 
that includes Appendix D and Appendix E. (Proprietary 
Version) 

EMF-21 03( NP)~Appendix~E~lncorporation~of~M5~Cladding~Prope~ie~.pdf 

Incorporation of M5 cladding properties, Appendix E to EMF- 
21 03 (Nonproprietary Version) 

EMF-21 03(NP)-TOC.pdf Updated table of contents and nomenclature for EMF-21 03 
that includes Appendix D and Appendix E. (Nonproprietary 
Version) 



UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHINGTON, D.C. 20555-0001 

June 24, 2002 

Mr. James Mallay 
Director, Regulatory Affairs 
Framatome ANP, Richland, Inc. 
2101 Horn Rapids Road 
Richland, WA 99352 

SUBJECT: REQUEST FOR ADDITIONAL INFORMATION ON EMF-21 03(P), REV. 0, 
"REALISTIC LARGE BREAK LOCA METHODOLOGY FOR PRESSURIZED 
WATER REACTORS" (TAC NO. MB2865) 

Dear Mr. Mallay: 

By letter dated August 20,2001, Framatome ANP submitted for staff review Topical Report 
EMF-21 03(P), Rev. 0, "Realistic Large Break LOCA Methodology for Pressurized Water 
Reactors." The staff has completed its preliminary review of EMF-21 03(P), Rev. 0 and has 
identified a number of items for which additional information is needed to continue its review. 
The enclosed request for additional information (RAI) was discussed with your staff on May 13, 
2002. A mutually agreeable target date of July 19, 2002, was established for responding to the 
RAI. Please provide the requested information so that the review can be completed in a timely 
manner. Partial submittals would be welcomed to minimize delays. 

Pursuant to 10 CFR 2.790, we have determined that the RAI provided as Enclosure 1 contains 
proprietary information. Proprietary information contained in Enclosure 1 is indicated by 
marginal lines. We have prepared a non-proprietary version of the RAI (Enclosure 2) that we 
have determined does not contain proprietary information. However, we will delay placing 
Enclosure 2 in the public document room for a period of ten (10) working days from the date of 
this letter to provide you with the opportunity to comment on the proprietary aspects only. If you 
believe that any information in Enclosure 2 is proprietary, please identify such information line 
by line and define the basis pursuant to the criteria of 10 CFR 2.790. 

If you have any questions, please call me at (301) 415-1436. 

Sincerely, 

Drew Holland, Project Manager, Section 2 
Project Directorate IV 
Division of Licensing Project Management 
Office of Nuclear Reactor Regulation 

Project No. 693 

Enclosures: 1. Request for Additional Information (Proprietary) 
2. Request for Additional Information (Non-proprietary) 



REQUEST FOR ADDITIONAL INFORMATION 

TOPICAL REPORT EMF-2103(P), REV. 0, I' REALISTIC LARGE BREAK LOCA 

METHODOLOGY FOR PRESSURIZED WATER REACTORS" 

FRAMATOME, ANP 

PROJECT NO. 693 

Heat Transfer 

1. Please provide a list of differences in the heat transfer models and the critical heat flux 
(CHF) correlations as utilized in the realistic large break loss-of-coolant accident 
(RLBLOCA) to those utilized in the small break loss-of-coolant accident (SBLOCA) 
models. 

2. In the analysis of the large break loss-of-coolant accident (LBLOCA) transient, there are 
a number of different correlations that are used as the transient unfolds (Biasi, modified 
Zuber, Sleicher and Rouse, Dittus-Boelter, etc.). Please choose a typical LBLOCA 
transient and map out all the different correlations that are used along the way, from the 
beginning of the transient to the end. State the particular correlation used, its applicable 
range (in terms of Reynold No., flow rates, etc.), and validation of its use in the 
applicable range. 

3. Subroutine CHFCAL has the ICHF options for either Biasi and Zuber (ICHF=O), or +he 
Extended Biasi (ICHF=l). EMF-CC-O97(P), Rev. 7, page 7-2 also mentions the 
for the Extended Biasi and choosing this will use the correlation for all flow condirtu ,-. 
However, EMF-21 OO(P), Section 4.4 does not mention the "Extended" Biasi, but the 
Biasi and Zuber correlations. There is also a note that the Biasi correlation is not used 
for G < 100 kg/m2s. Is this Biasi correlation the "Extended Biasi"? 

4. Subroutine CHFCAL appears to contain the Modified Zuber CHF correlation beginning 
at 300. Line 300 and its uncommented continuation and Equation 4.32 of EMF-21 OO(P) 
appear to match up if MHTCHF is equal to F. However, it does not appear that was the 
intention given the code which follows. 

a. What are MHTCHF and XBlASl and where do they come from? 

b. The second option for F in Equation 4.33 of EMF-21OO(P) is similar, but different 
than the first uncommented line after what appears to be the modified Zuber 
CHF correlation. Please clarify the differences and the apparent absence of the 
first option for F (commented out on the second continuation line after 300). 

c. The three lines of coding before the last END IF of subroutine CHFCAL appear 
similar but different than the linear interpolation for mass flux between 100 and 
200 kg/m2s of Equation 4.34 of EMF-21OO(P). Please explain the apparent 
differences between the coding and the code manual documentation. 

Enclosure 2 
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d. Parameter HTHDMO(LS) appears to be in units of meters given the logic 
question: IF (HTHDMO(LS) .LT. 0.OlDO) THEN in the Biasi correlation coding. 
However, the next line multiplies HTHDMO(LS) by 100 possibly to convert to 
meters from centimeters before raising it to the "n" power (either 0.4 or 0.6 
based on the conditions on page 4-1 2 of EMF-21 OO(P)). The documentation 
states that the hydraulic diameter is in units of cm and is not multiplied by 100 in 
either Equation 4.28 or 4.29. Please clarify. 

e. Is the mass flux parameter "G" brought into the CHF calculation in units of 
gm/cm2s, or kg/m2s? 

f. Clarify why MAXimums and MlNimums are taken throughout the subroutine 
CHFCAL. How does this affect the uncertainty of the CHF value? For example, 
if ICHF=l and G=20 kg/m2s, G is changed to 100 kg/m2s since the Biasi 
correlation is not used for Gel00 kg/m2s. However, Biasi is used when the ICHF 
overrides that applicability where the Zuber correlation should be used. This also 
occurs if G is 120 kg/m2s and ICHF=l. It does not appear that the interpolation 
on the mass flux with the Biasi and Zuber correlations will not be implemented as 
described in the documentation. Is this Biasi correlation the Extended Biasi? 
Where did the parameter XBlASl come from? 

5. In the Sleicher and Rouse heat transfer correlation, please clarify how the coded 
parameter XTF in subroutine DITTSG matches the documentation of Equation (4.36) in 
EMF-21OO(P), page 4-15. 

6. Account for the VOIDG term which appears in the coding for the natural convection 
term, but does not appear in the documentation. 

7. Please clarify what is meant by, "The equation is independent of the characteristic 
length due to the 1/3 power dependency of the Grashof number given in Equation 
(4.35)." Equation (4.35) gives the heat transfer coefficient as the MAX of the Sleicher 
Rouse and the natural convection heat transfer coefficients with no mention of the 
Grashof number (pages 4-14 and 4-15 of EMF-21OO(P), Rev. 4). 

8. The documentation on page 4-15 of EMF-21OO(P), Rev. 4 includes the addition of 
radiation heat transfer from the wall to the single phase vapor fluid if the surface 
temperature is greater than 650K. Identify where this is accounted for in the code. 

9. It appears that a modified Dittus-Boelter correlation or the Sleicher and Rouse 
correlation is chosen based on the IF statement: 

IF (IAND( I DNGAP(2,lH),256) . NE. 0) THEN.. . . . .modified (?) Dittus-Boelter 
else Sleicher Rouse. 

a. Please clarify why in the documentation of page 4-14 of EMF-21 OO(P), the 
Sleicher Rouse correlation is said to be selected because it has a smaller 
uncertainty than the Dittus-Boelter correlation, but in the code the IF statement 
results in a choice between the two. Please clarify the meaning of the IF 
statement. 
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10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

b. The Dittus-Boelter heat transfer correlation coded in the DITTSG subroutine 
does not appear to be the same as that documented in Equation (4.16) of 
EMF-2100(P). Please clarify the differences. 

The 'nature' convection correlation coding of subroutine DITTUS includes: 

HTCOEF = MAX(HMAC, 0.59DO*(PRGR)**0.25DO*PRGR*COHDM/TERM) 
which occurs if PRGR is less than the Reynolds number squared. Please identify the 
discussion of this in the documentation of EMF-21OO(P), or include it as needed. 

Is the modified Bromley from the documentation (EMF-21OO(P), Rev. 4, page 4-18) the 
same as the Bromley correlation of the FILMBL subroutine? 

Please describe how the interpolation of the last line of FILMBL is the same as Equation 
4.50 of EMF-21OO(P), Rev. 4, page 4-19. 

Please include @@ in the documentation description above Equation 4.50 of 
EMF-21OO(P), Rev. 4, page 4-19 to describe use of the Forslund-Rohsenow and 
modified Bromley correlations if that was the intent as coded. 

Please explain why in the code the BROMLEY correlation is calculated for a void 
fraction less than or equal to [ 1, and the FORSLUND-ROHSENOW is 

docilmented in EMF-21OO(P), Rev. 4, page 4-19. The void fractions appear consistent 
with the documentation beginning at line 208. 

calculated for a void fraction greater than or equal to [ 1 as 

What does CFR, the first term in HDF, account for in the Forslund-Rohsenow 
correlation? 

In the "NATURE" convection correlation, HMAC is defined if (PRGR.LT.TERM) as the [ 

discuss the appearance of the "PRGRTTERM" in the natural convection heat transfer 
coefficient, which appeared similarly in subroutine DITTUS, which the staff has not yet 
found described in the documentation. 

1. Please 

Please include discussion of the scaling of the natural convection heat transfer 
correlations by the void fraction in the PREDNB subroutine by COHDMF=COHDM* 
VOIDF. 

Please explain why the suppression factor is coded to be 0.0797 of ReTP@70 instead 
of 0.1 as documented in Equation 4.21 of EMF-21OO(P). 

What is the ICHF=2 option and where is that described? 

Many of the test programs used in the assessment of S-RELAPS inherently incorporated 
radiation heat transfer between hot rods and colder components. Please discuss and 
justify exclusion of a specific radiation heat transfer model in the Framatome-ANP 
RLBLOCA methodology. Include in the discussion the manner in which the 
methodology accounts for radiation heat transfer during those portions of the analyzed 
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21. 

22. 

23. 

PlRT 

24. 

event for which radiation heat transfer would be expected to play a significant role. Also 
discuss and justify known compensating errors introduced in the methodology that 
account for this effect. 

Please explain and justify the basis for choosing the Forslund-Rosenow correlation for 
void fractions [ ] for dispersed flow film 
boiling. Since the Bromley correlation can result in high heat transfer coefficients during 
dispersed flow, extrapolating the Bromley correlation between 0.7 and 0.9 can result in 
applying extrapolated HTCs over large regions of the bundle. Please justify this 
extrapolation range and show that it does not influence the heat transfer coefficient at or 
near the PCT location. 

] and the Bromley at [ 

The Forslund Rosenow correlation for dispersed flow film boiling consists of a droplet 
wall contact model developed for low quality, high mass flux conditions in a small 
diameter tube. The model is applicable only to a small localized region just above the 
quer,ch frmt, where the wall temperatures are below the rewet temperature. Physically, 
the droplet wall contact begins at the inverted annular regime and increases through to 
the agitated inverted annular regime where the effect is at a maximum due to either high 
turbulence or some possible droplet wall contact. Downstream of the agitated region, 
this droplet wall contact affect decreases rapidly and becomes non-existent once the 
highly dispersed flow region develops. The computed heat transfer multiplier of [ 
J indicates that the correlation may not present a true best-estimate representation. 
Since the Forslund-Rosenow correlation is highly dependent on void fraction, 
over-estimation of the entrainment can propagate large errors into the heat transfer 
during reflood. 

It appears that the data for elevations above 8 ft in the tests used for determining the 
film boiling heat transfer multipliers were discarded during the data reduction process. 
Please discuss and justify the applicability of the film boiling heat transfer multiplier at all 
elevations along the fuel rod and for various power shapes. Include in the discussion, 
justification for applicability of the film. 

The Framatome-ANP PlRT is similar to the NUREGICR 5249 PIRT. This PlRT does not 
address the following: 

a. Relative lcoation or the hot assembly in the core. 

b. Uncertainty in the single phase pump performance. 

C. Uncertainty in the broken nozzle k-factor. 

Please clarify how these contributors are addressed in the RLBLOCA methodology 

Break Flow Modeling 

25. The orientation and location of the postulated pipe breaks are not explicitly addressed. 
Please discuss the following: 
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a. The choice of break location, such as cold leg versus hot leg and hot leg both 
with and without pressurizer, and location of slot breaks, such as top, side and 
bottom of the pipe. In addition, why were other locations than those presented 
not considered, or if they were considered, why were they not analyzed? 

b. The smallest break size analyzed using the RLBLOCA methodology. Also 
discuss the definitions used by Framatome-ANP in determining the boundaries 
between the large and small break methodologies and how a single calculational 
tool such as S-RELAPS is applicable over the entire range of break sizes. 

Containment Modeling 

26. Although the Framatome-ANP RLBLOCA methodology uses the ICECON methodology 
to perform the containment back pressure to the reactor coolant system analysis, the 
methodology still uses a simplified component system model of the containment. 
Please discuss how a single comparison of ICECON with GOTHIC is sufficient 
demonstration of applicability to the range of Westinghouse and Combustion 
Engineering containment configurations. 

Downcomer Boiling 

27. The brief overview and description of LBLOCA behavior on page 3-4 does not mention 
the potential for downcomer boiling. Downcomer boiling has been shown to be 
important in the transport of coolant to the core in the LBLOCA. Discuss the basis for 
the applicability of the S-RELAP5 simulation of the effects of downcomer boiling and the 
manner in which downcomer boiling has been treated in the RLBLOCA methodology. 
Include in the discussion the roll of the downcomer wall initial temperature in downcomer 
boiling. 

The PIRT in Table 3.3 does not include downcomer boiling. Please include in the 
discussion the exclusion of downcomer boiling from the PIRT. 

Fuel Swelling and Rupture, Relocation and MetalMfater Reaction 

28. On page 3-7 it is noted that fuel rod rupture is not included in the calculations, and 
possibly the peak local clad oxidation calculation will not include inside oxidation as well 
as outside oxidation. In addition, there is some confusion regarding the metal/water 
reaction model being used. 

a. Please clarify and discuss why the fuel swelling and rupture model is not used. 
The discussion should include consideration of the effects of burnup. The 
discussion should also include justification for neglecting fuel swelling and 
rupture in the calculations and the effect this has on producing a lower oxidation 
potential since inner cladding surface oxidation is not considered. 

b. Fuel pellet relocation has been observed which can cause pellets to fill the space 
created by swelling and ballooning cladding. Please discuss why 
Framatome-ANP has not included this effect and the basis for that decision. 
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c. Please clarify why the Cathcart-Pawel model is used in S-RELAP5 model as 
described in the Methodology document, EMF-2103, while the Models and 
Correlations document, EMF-21 00 describes the Baker-Just model. Also, there 
appear to be better models than the Cathcart-Pawel metaVwater reaction model 
for temperatures below 1900°F. Please discuss the basis for not choosing 
another metal/water reaction model for the lower temperature range and also 
include in the discussion a justification for the assumptions applied for the initial 
condition. 

d. In the time-in-life study, what inside and outside initial oxidation thicknesses were 
used for the BOL analysis. What oxide thickness is used for once and twice 
burned fuel? 

Decay Heat 

29. Section 4.3.3.2.3 of EMF-2103 discusses the decay heat standard but does not show 
the calculated decay curve used in the analyses. Please compare the decay heat model 
with uncertainty applied to the ANSVANS-5.1-1979 standard to show that the S-RELAPS 
model predicts or bounds the data in the standard for the simulation period. Include in 
the discussion the treatment of gamma redistribution uncertainty. 

Assessment 

30. Numerous tests cited in the methodology assessment, such as FRIGG2, THTF, GE 
level swell, F L E C F  - i d  FLECHT-SEASET are valid under specific pressure conditions. 
Please clarify anc 
to the ranges of conditions in which they were used. Include in the discussion the 
assessment of void distribution and subcooled boiling via high pressure data and the 
applicability of these models to low pressures. 

ss the applicability of the tests used in the assessment program 

Please discuss and justify use of the Forslund-Rosenow correlation to determine PCT. 
Justification is needed to assure that errors in other models and the thermal hydraulics 
will not produce heat transfer coefficients that are beyond the range of the intended 
correlation. 

Long-Term Coolability 

31. Please discuss how the Framatome-ANP RLBLOCA methodology addresses the 
element of long-term coolability as required in the regulatory acceptance criteria. 

32. Please describe the methods and analyses that will be employed to demonstrate that 
boric acid precipitation is assessed or neglected in the methodology. 

Entrainment and 2-D Effects 

33. The S-RELAP5 liquid entrainment predictions overpredict the data by a factor of 2 for 
the FLECHT-SEASET and skewed tests. However, S-RELAP5 overpredicts the clad 
temperatures at the upper elevations. Please discuss this apparent anomaly and also 
discuss the capability of the 2-D model in S-RELAP5 to simulate the super heat near the 
wall and account for the radial steam temperature profile across the channel in the tests. 
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Void Fraction 

34. 

35. 

36. 

37. 

38. 

Page 4-97 discusses Tmin but does not describe the conditions as to how the 
correlation is applied in the code. Please discuss and justify the effect of void fraction 
on the application, effect of its exclusion, and the application of Tmin in the 
Framatome-ANP RLBLOCA methodology. 

Page 5-2 of EMF-21 03(P) states that "the plant process parameters are treated 
statistically, however conservative methods also can be used in the absence of 
adequate data to support the statistical use." Table 5.1 also does not indicate the 
following parameters. Please discuss which have been treated statistically and which 
conservatively in the methodology. 

Initial Conditions: 

RCS Temperature 
Accumulator line resistance 
Safety injection temperature 
Peripheral assembly power (how is this bounded?) 

Also please discuss how the following model uncertainties are handled and/or justify 
their omission from the analysis: 

Broken nozzle resistance, K-factor 
Broken loop pump resistance 
Condensation 
Fuel conductivity (before and aftel burst) 
Fuel density (packing fraction after burst) 
Rod internal pressure 
Cladding burst temperature 
Cladding Burst strain and average strain 
MetaVwater reaction 

Since different plant designs will have different values and ranges for many of the 
parameters in the above lists, will the various parameters be identified in the 
plant-specific submittals giving the distributions or conservative limits? 

Please discuss the procedures which will be used to ensure that the range of conditions 
in the plants for which the Framatome-ANP RLBLOCA methodology is used are 
consistent with those in the test programs used to assess the code and determine the 
code uncertainties. 

Figure 4.4 shows the leakage paths connecting from the upper head to the upper 
downcomer. Please discuss the effect of the geometry, resistance and flow rates 
through these junctions on the LBLOCA response expected in the plant designs for 
which the methodology will be used. Specifically, what is the impact of modeling this 
leakage on blowdown temperatures and PCT? 

Figure 4.7 shows four half assemblies surrounding the hot assembly. Please discuss 
the use of [ ] assemblies versus [ ] assemblies since the power level of these adjacent 
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39. 

40. 

41. 

42. 

43. 

44 I 

45. 

46. 

assemblies would affect the thermal cond;tions and cross flow in these outer 
assemblies. A comparison of the effect of this modeling on blowdown temperatures and 
PCT would be helpful. 

Please provide the nodalization sensitivity study results used to arrive at the upper 
plenum and core nodalizations shown in Figures 4-4 through 4-8. Please discuss the 
level of nodal detail needed to show PCT convergence. Also discuss how the aiignment 
of key leakage paths influences the chimney effects observed in the upper plenum 
studies and noted in Table A.2. 

Please discuss the sensitivity of PCT to the cross flow resistance in the core and 
describe how these resistances are calculated. 

Regulatory Guide (RG) 1.157, "Best-Estimate Calculations of Emergency Core Cooling 
System Performance," states that 'I A distinction from, and transition to laminar 
convection (i.e. Re c 2000) should be made, with a value of the laminar heat transfer for 
rod bundles that is appropriate for the applicable bundle geometry and flow conditions." 
Please discuss how the models in Section 4.0 of EMF-21OO(P) meet RG 1.157. Also, 
does the heat transfer model for single phase vapor which considers the Sleicher-Rouse 
correlation and a separate natural circulation correlation result in the appropriate heat 
transfer for Re numbers less than 10,000 since the lower limit for this correlation is 
10,000 (page 4-1 15, EMF-2103(P))? Please discuss the use of the Sleicher-Rouse 
correlation and the steam cooling model for transition and laminar flow. 

How does the critical flow model address RG 1.157, Section 3.4.1.1, items b and c? 

How does the frictional pressure drop model address RG 1.157, item 3.6.1, which 
states: "A model for frictional pressure drop to be used in ECCS evaluations should: b) 
be consistent with models used for calculating gravitational and acceleration pressure 
drops. If void fraction models or correlations used to calculate the three components of 
the total pressure drop differ from one another, a quantitative justification must be 
provided?" 

How does the post CHF heat transfer model address RG 1.157, item 3.9.1 b), which 
states a post-CHF flow model should "recognize effects of liquid entrainment, thermal 
radiation, thermal non-equilibrium, low and high mass flow rates, low and high power 
densities, and saturated and subcooled inlet conditions?" 

To understand the two-dimensional model behavior, please show the results of a test 
problem to verify the convection of lateral momentum by the vertical velocity. A simple 
ring noding problem can be developed that represents the flow from a downcomer and a 
break in a hot leg which shows flows for both vapor and liquid. 

Anomalous flow circulation has been shown to develop, for example, between parallel 
pipes, that are of a numerical nature and cannot easily be corrected without the aid of 
additional form losses (see Proceedings of ICONE8, 8th International Conference on 
Nuclear Engineering, "Recirculating Flow Anomaly Problem Solution Method," D. Lucas, 
April 2-6, 2000, paper # 8479). Please discuss the capabilities of S-RELAP5 with regard 
to the sample flow problem presented in this paper and steps to resolve this anomalous 
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flow behavior potential. In addition, discuss whether or not the new 2-D model 
introduces these numerical anomalies as seen in 1 -D formulations. 

47. Recent reviews of thermal-hydraulic analysis computer codes have questioned the 
accuracy of momentum flux terms such as given by Equation 2.1 16 in EMF-21 OO(P). 
Please provide and discuss: 

- The numerical form of the momentum equations in S-RELAP5 and their 
reduction to the Bernoulli Yype" equation. 

- The S-RELAP5 calculated Bernoulli expression versus flow channel cell number 
for a 1-D and 2-D pipe with and without a contraction and an expansion. A 
simple problem can be defined having a constant flow area and variable flow 
area and elevation change with the pressure, kinetic, and potential energy terms 
calculated by S-RELAP5 for both vapor and liquid. 

- Application of S-RELAP5 to the Ferrell-McGee data for flow through a pipe with 
expansions and contractions. (See Ferrell, J. K. and McGee, J. W. , "Two-phase 
Flow through Abrupt Expansions and Contractions," TID-23394, 1966.) 

48. Please discuss the stability analysis for the numerical scheme presented in Section 
2.6.5 of EMF-21OO(P). Include a discussion of a consistency analysis of the finite 
difference equations and, as discussed in Section 2.6.4, justification of the use of the 
value of C = 0.35 when evaluating Equations 2.124 and 2.125. Include in the discussion 
the reason why the value of C must be within the range 0.0 to 0.5 for stability. 

49. During the review of S-RELAP5 for application to 10 CFR Part 50, Appendix K 
small-break LOCA analysis, concerns were raised regarding the completeness of the 
formulation of the momentum equation. Specifically, the momentum equation as 
formulated is a vector equation that can only be reduced to 1-D if the flows and forces 
act in a single direction and hard surface reaction forces have also been omitted. Also, 
the momentum equation can only be reduced to Bernoulli's equation for pipes by 
integrating the differential form of the momentum balance along a streamline. Please 
discuss the momentum equation and its application to the reactor coolant system when 
major portions are modeled as a series of variable flow areas, I -D  straight pipes, and 
flow channels with bends. 

50. Please discuss the manner in which S-RELAP5 indicates to the user that mass, energy, 
and momentum are conserved in a plant application. Is there a measure that shows in 
the code output that the above parameters are conserved? 

51. Please discuss the omission of the viscous shear term in the 2-D formulation. Include a 
discussion of the consequence of the omission of this term, for example, in the hot 
bundle and hot channel during early reflood when the Re numbers are in the range 
1,000 to 2,000. Are there low flow conditions during the LOCA (blowdown, refill, reflood, 
long term during downcomer boiling) where omission of this term would affect the hot 
channel thermal behavior and/or hot rod PCT? 

52. Please discuss the numerical solution strategy described in Section 2.6.5.1 for a single 
1-D pipe and a second system using a I -D loop connected to a 2-D component. Include 
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53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

a discussion of the development of the coefficients from the numerical approximation to 
the conservation equations and the tri-diagonal matrix, along with the column vectors 
containing the source terms. 

Please discuss the method and model used to simulate the emergency core cooling 
entering and mixing in the discharge legs? Also, since emergency core cooling water 
can enter the loop seal during rapid safety injection tank (SIT) injection, please discuss 
how S-RELAP5 captures this behavior. What is the effect of loop seal refill on steam 
binding, the reflood rate, and the PCT? 

Please provide the comparisons of the S-RELAP5 predictions to the Marviken test 
system pressure for the tests presented in EMF-2102, Section 3.5. Discuss how the 
uncertainty in break flow was determined. Does the S-RELAP5 model include wall heat 
structures? If not, discuss the effect of the omission of wall heat on the results. 

What is the cause of the drop in mass flow rate at 75 seconds in Figure 3.5.18 and at 
20 seconds in Figure 3.5.22 presented in EMF-2102? Why was the S-RELAP5 
prediction not shown for completion in Figures 14, 15, 18, 21, and 22? 

The comparisons to the data show that the transition from single-phase to two-phase 
conditions is not well predicted. Please discuss the expected transition in the plant 
calculations, including effect of persistence of the duration of the transition period for an 
extended time and the error introduced in the calculation that is not captured by the 
uncertainty evaluated from the Marviken test comparisons. Include a discussion of the 
effect of the duration of the transition period on the uncertainty ir! the break flow model 
determined from the Marviken tests. 

Does the critical flow model uncertainty show a dependence on L/D for all fluid 
conditions? Please discuss the lack of this effect in the uncertainty evaluation. 

How is the critical flow rate calculated when superheated steam exits the break? Please 
discuss the uncertainty in the break flow model under these conditions. 

No tests were provided to show the capability of the code to predict pure steam flow out 
of the break. Were comparisons of S-RELAP5 with data for saturated steam flow, to 
Marviken Test 11, performed? Please discuss the uncertainty in the break flow model 
for saturated steam. 

Were comparisons performed between S-RELAP5 and data for vessel blowdown, such 
as Allemann, "Experimental High Enthalpy Blowdown from a Simple Vessel through a 
Bottom Outlet," BNWL-1111, Battelle Northwest Laboratory, 1970? If so, please 
discuss the results of the comparisons. 

HEM is an equilibrium break flow model. Since HEM is applied to two-phase conditions, 
and since non-equilibrium conditions can exist at the break with combinations of 
subcooled liquid with saturated or superheated steam (or saturated liquid with 
superheated steam) exiting the system, how are these conditions handled with the 
S-RELAP5 critical flow model? What is the uncertainty in the break flow model under 
non-equilibrium conditions? 
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62. What is the uncertainty in the critical flow model when the flow is no longer critical and 
may contain superheated steam or non-equilibrium two-phase conditions? Please 
discuss benchmarks that were used to evaluate the break flow model under these 
conditions and include results of the transition from critical to non-critical conditions and 
discuss how the model works. 

63. Section 3.5.4 states that a break flow multiplier of [ ] was used to predict 
these tests. Uncertainty in the model is typically determined with a value of 1 .O. Use of 
a multiplier in the range [ 
break flow for the Marviken tests. Discuss how this additional bias has been taken into 
account in the uncertainty analysis when the bias was varied for the Marviken tests? 
How is the break discharge coefficient then modeled when performing plant 
calculations? What is the uncertainty in the break model if a discharge coefficient of 1 .O 
is used? Please discuss how, in light of this initial assumed bias in the break multiplier 
input, the 25 percent error calculated for the break flow model bounds the data. 

1, implies that S-RELAPS tends to overpredict 

64. The break nodalization of the discharge leg in Figure 4.3 of EMF-2103(P) shows 
] in the discharge leg while the nodalization of the break in the Marviken test 

] in the exit pipe. In Section 3.5.6 of EMF-2102, it is noted that “the shows [ 
fine nodalization was used to mitigate numerical diffusion which may send hotter water 
or vapor prematurely to the discharge pipe.” The modeling philosophy given in Section 
4.2.3.5, entitled Cold Leg and Break, seems to contradict the statements in Section 
3.5.6. Please discuss and justify the differences in the modeling philosophy applied to 
the Marviken test and that applied to plant calculations. Include a discussion of the 
effect of finer nodalization on break flow and PCT in the plant calculations and the effect 
of the use of a crude nodalization on break flow uncertainty. 

[ 

65. Section 4.3.1 . I 0  discusses the CCFL model applied to the upper tie plate and compares 
test data against the theoretical flooding curve to bound the air - water flow rates. The 
performance of the code has not been demonstrated against test data to show that the 
model is performing correctly, especially under saturated and subcooled fluid conditions. 
To demonstrate the capability of the model, please show comparisons of code 
predictions to test data, such as the Northwestern data (Bankoff, 1981), to show the 
condensation effects on the CCFL predictions and the model’s performance. How does 
S-RELAP5 prevent unrealistic concurrent down flow of liquid and steam into the core? 
Does countercurrent flow or concurrent downward flow produce upper core cooling or a 
top down quench for any of the separate effects, integral tests, or plant calculations? 

Discuss how the two fluid models have been assessed for CCFL behavior since the 
flooding point is determined entirely by the interfacial drag and entrainment models in 
the code. Has the CCFL model in S-RELAP5 demonstrated its ability to reproduce 
flooding behavior which is consistent with scaling laws. Has a comparison been 
performed for the S-RELAP5 model to tests such as the Creare l/l!ljth and 1/5* scale 
data. Are there continuous liquid and steam velocity plots in the downcomer verifying 
that CCFL is preserved by the S-RELAP5 interfacial drag model for saturated and 
subcooled conditions? Since the CCFL limit model [ 1, what 
controls are used to assure that plant calculations will not result in violations of CCFL or 
unrealistic concurrent downflow in this region? Also please discuss what special 
interfacial drag, film droplet, entrainment/de-entrainment, drop size models were added 
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or modifications/provisions to RELAPS to properly deal with countercurrept flow in the 
downcomer in the [ I. 

66. Page 4-4 of EMF-2103(P) briefly states how compensating errors are handled in the 
assessment matrix for FLECHT, SCTF, CCTF, and THTF. However, there are no 
detailed discussions of compensating errors relative to the separate effects and integral 
tests. Please discuss compensating errors relative to the separate effects and integral 
experiments. The discussion should include post CHF heat transfer, emergency core 
cooling bypasdcondensation, and blowdown/post-blowdown thermal hydraulics and 
entrainment. 

67. Please identify a reference discussing error propagation and how this is handled in the 
uncertainty methodology. 

68. The Achilles Test in EMF-2102 showed that S-RELAP5 underpredicted the core liquid 
level, the PCT by about 125"F, and the downcomer level. Please discuss possible 
reasons ror these differences. The effect of the nitrogen on condensation was not 
measured in this test. How is the effect of Ritrogen on condensation determined in 
S-RELAPS? Also, please discuss the sensitivity of the PCT to condensation efficiency. 
How does S-RELAP5 compute entrainment of liquid by the nitrogen and, if so, how does 
this influence the calculations? What is the sensitivity of full scale plant PCT to 
condensation efficiency? 

69. Section 4.3.3.2.6 of EMF-2103(P) identifies a Tmin of [ 
based on comparison to FLECHT reflood data while page 4-20 of EMF-21 OO(P) 
identifies a Tmin of [ 
. .,r;uss the irnpact on the test comparisons and plant calculations. 

] is used in the analysis 

] as used to establish the boiling curve. Please clarify and 

70. Regarding modeling of transition boiling heat transfer at the lower limit, S-RELAP5 uses 
the maximum of the Sleicher-Rouse steam cooling correlation and a free convection 
correlation; Forslund-Rosenow or Bromely is used for film boiling depending on the void 
fraction. Please discuss the lower limit of the transition correlations with regard to 
consistency with the lower limit on the film boiling correlations. Please discuss code 
stability with regard to the heat transfer coefficient at Tmin during the switch from 
transition boiling to film boiling. 

71. General comments regarding code assessment: 

a. Core 3-D Flow and Void Distribution (page 4-85, EMF 2103(P)). Comparison to 
the THTF and GE level swell data, for example, are high pressure tests and do 
not represent PWR reflood conditions. The GE data does not apply to rod 
bundle drag. On the other hand, specific FLECHT boil-off or reflood data are 
applicable to voids in bundles at low pressure (FLECHT-SEASET Test 35658, 
for example). 

b. Regarding Core 3-D flow distribution, the SCTF comparisons, especially at the 
higher elevations, indicate underprediction of peak temperatures and quench 
times that are early by 200 -300 seconds for transients with 500 second heat-up 
times. Additional justification is needed to demonstrate that the clad oxidation is 
bounded. While these are low temperature tests, the early quench time 
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predictions will significantly affect oridation and the uncertainty may effect the 
error methodology. Discussion is needed regarding how the 200-300 second 
early quench predictions are factored into the uncertainty in oxidation 
calculations. There should also be discussion of the lack of a model for film 
boiling as a function of distance from the quench front which would improve the 
quench time predictions. This discussion should also address the reasons for 
the discrepancies in quench time predictions and underprediction of PCTs. The 
S-RELAP5 code predicts large oscillations in the void fractions in the core (see 
Figure 3.1 1.47 of EMF-21 02, for example). Discussion is needed regarding the 
oscillations and their effect on super heat and clad temperature underprediction. 
The discussion should also address the consequences of the oscillations with 
respect to the reflood behavior the potential bias of these oscillations to lower 
PCT. 

C. Liauid Entrainment. While the entrainment is overpredicted for the CCTF tests, 
overprediction coupled with drop size could bias the steam temperatures in the 
channel to low values if the drop size is too small. Please discuss how the 
S-RELAP5 model predicts the steam super heat for these tests (at selected 
elevations starting at locations near the quench front) and the reflood data 
presented in EMF-2102. How does the void fraction influence the steam super 
heat and dispersed flow film boiling heat transfer when the entrainment is 
overpredicted for the tests? Included in the discussion should be the topic that 
excess entrainment does not lead to propagating errors into the film boiling 
model and a non-conservative impact on PCT. 

d. Uwer  Plenum Entr; vtlDe-entrainment. Please discuss the manner in 
which de-entrainme, ,. .. . .;ie upper plenum is calculated. Is there a model for 
de-entrainment on structures? How is entrainment to the hot legs and steam 
generator calculated? It should be shown that the S-RELAPS overprediction of 
liquid buildup in the upper plenum is not due to underprediction of entrainment to 
the hot legs and steam generators. Also since the code allows a second top 
down quench, does CCFL in any of the SETS, integral tests, and plant 
calculations reduce the clad temperatures or affect clad oxidation in the top of 
the core? 

e. CCFL. There are no special drag models in the downcomer specifically 
designed to treat CCFL. Without these comparisons, there is no assurance that 
the CCFL limit will not be violated during a plant calculation. Comparisons to 
countercurrent flow data would demonstrate that the liquid down flows in the 
downcomer do not violate CCFL. Figures 4.1 16 and 4.1 17 show that the CCFL 
model is limiting the liquid downflow for many of the test points. This suggests 
the drag model tends to produce too high a liquid down flow for a given steam 
flow. Unless the drag model is different in the downcomer, these results suggest 
that the drag model will produce excessive liquid down flows in the downcomer. 
Please discuss the omission of the CCFL model or drag model specifically 
designed to model CCF in the downcomer. 

f. CCFL. Since the S-RELAP5 code does not use a CCF limit model, interfacial 
and wall drag modeling is key to predicting CCF. Application of concurrent 
up-flow correlations for interfacial and wall friction to countercurrent flow tend to 
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over-estimate the downflow of liquid. !t appears that wall shear is neglected 
during countercurrent flow which would produce over-estimated liquid downflows 
in the low gas velocity region. Wall shear stress acting on falling water is almost 
the same order of magnitude as interfacial shear stress, making it inappropriate 
to ignore this stress. Since RELAP5 ignores wall shear during annular flow and 
EMF-2100 Section 3.0 does not show the details of the wall shear, discussion is 
needed that describes how wall shear is computed during CCF. This discussion 
should also compare the friction factor with data and show the behavior at low 
velocities/Reynolds numbers. 

g. E. How is CCF modeled in the 2-D downcomer and how are the flow regime 
maps applied in this region? 

h. Hot Len Entrainment. Hot leg entrainment is underpredicted in Figures 
4.165-4.167, 4.173, 4.177, and 4.179, and, thereby it is not supported that hot 
leg entrainment is calculated conservatively. In some cases entrainment is not 
predicted until late in the test. Does the underprediction lead to a beneficial 
effect on PCT for the tests which offsets another conservatism elsewhere in the 
methodology? Figure 4.173 shows no entrainment was calculated for the entire 
test. If the entrainment is calculated to match the data late in the test, this does 
not support the model being conservative as stated on page 4-90 of 
EMF-21 03(P). 

I. Two-Phase Pump Model. The pump resistance and broken cold leg nozzle 
typically represent the largest resistances in the loop which determines the core 
flow (and hence fuel stored energy/PCT, during blowdown. It st- iuld be shown 
how the uncertainty in the relative resistances beh., ., the core and break 
through the downcomer and hot leg paths are taken into account and that the 
pump resistance, broken nozzle resistance, and the other loop resistances 
conservatively bound the expected variation (or are insignificant) in these path 
resistances from the core to the break. 

I .  Pump Differential Pressure Loss. How is the pump coastdown verified in the 
case where there is no plant data? What is done in the modeling to assure the 
coast down is bounded? 

k. Non-Condensable Transport. The Achilles Test # 25 underpredicted the PCT 
later in the event. While the effect of the nitrogen is to initially force additional 
water onto the core providing some early limited core cooling, the later overall 
effect is to reduce core cooling since the higher initial steaming reduces the 
liquid inventory in the core causing a late heat-up of the core. S-RELAPS 
underpredicted the negative effects while capturing some of the early beneficial 
effects. Please discuss the basis for including the early beneficial effects of 
nitrogen in plant calculations and not considering this parameter in the 
uncertainty methodology and imposing it as a penalty on PCT. 

I. Downcomer Entrainment. Please identify the correct section in Reference 5 for 
the downcomer entrainment tests and discussion referred to in Section 
4.3.3.1.10 of EMF-2103(P). Please discuss the cause of the lower plenum liquid 
level oscillations in Figures 4.106 through 4.1 10, including the flow regimes 
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predicted by S-RELAP5 during this period, and the steam and liquid velocities in 
the downcomer and exiting the lower plenum during these tests. Does the 
underprediction of the liquid inventory in the lower plenum enhance the steam 
downflow in the core during blowdown and produce a beneficial effect on PCT? 
Does boiling occur in the lower downcomer and lower plenum in these tests and 
what effect does boiling versus no boiling have on the entrainment? 

m. Downcomer Level Oscillations. Figure 3.1 1.47 of EMF-2102, shows large 
oscillations in void fraction. Please discuss the model conservatism as stated in 
Section 4.3.3.1.1 1, since the core in these tests shows large void oscillations 
which can "provide additional core cooling" as pointed out on page 4-92. If 
downcomer boiling occurs during accumulator discharge, what is the effect on 
PCT after the accumulators empty. 

0. Lower Plenum Sweepout. Oscillations suggest that the sweepout of the liquid 
from the lower plenum is retained in the downcomer and immediately flows back 
into the lower plenum periodically. In such a case, please discuss the model 
conservatism regarding the lower plenum liquid level test predictions. Should 
there be flow of liquid back into the lower plenum? Does this result in entrained 
liquid entering the core and providing additional cooling? Discuss the need for 
bias in the uncertainty evaluations if the lower plenum oscillations cool the core. 

Uncertainty Analysis 

Reference EMF-21 02(P1 

72. 5.1 .I - Data Set Adequacy 

With regard to Table 5.1 it appears that not only the maximum pressure data, but also 
the mass flux of the vapor and liquid do not bound the intended application. Please 
justify in greater detail the statement that the data set on which film boiling multipliers, 
bias, and uncertainty are determined adequately cover the intended application. 

73. 5.1.2 - Inferring Heat Transfer Coefficients from Experimental Data 

Please describe mathematically the inverse conduction algorithm (flow diagram and a 
few equations) used in computing the boiling heat transfer coefficient from the 
thermocouple data. 

In Figure 5.1 is this the numerical node scheme for the inverse algorithm? If so, at what 
node is the thermocouple? 

Specifically, how is the surface heat flux a function of the derivative with respect to time, 
as stated in Section 5.1.2.1? 

The thermocouple measures the temperature T(ro,q,t) (i.e. at some fixed point (ro,zo) as 
a function of time t (as in Figures 5.2 and 5.3). The objective seems to be to compute 
the surface temperature at the same elevation at the same time points as the 
thermocouple measurements. So where is the time derivative necessary? Where is the 
source of the amplification? 
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74. 5.1.2.1 - Signal Filtering 

What is the t between thermocouple signals? 

What is the thermocouple instrument error? 

The thermocouple reading has two sources of variation: 

a. the instrument error 

b. a variance due to the fluctuations in the underlying physical process. (If we had a 
perfect instrument, this variance would still be there.) 

Do you estimate these effects? 

What is your stopping rule with regard to smoothing of the thermocouple readings with 
respect to the above variances? 

What is your stopping rule with regard to smoothing the inferred heat transfer 
coefficients (as in Figures 5.4 and 5.5)? 

Do you apply any quantitative measure to claim that "the underlying features of the 
signal are intact"? 

Comment: Figure 5.6 is irrelevant. 

75. 5. : .3  - Data Consistency Check 

Since the test data provide multiple estimates of HTC for common times and elevations, 
is the mean computed at some specific time and elevation the "truth" with respect to 
which you compute the bias in the computed value at that time and elevation; and the 
standard deviation the uncertainty? 

How do you assure that the data was not oversmoothed? (That is only the instrument 
error and outliers were removed.) 

76. 5.1.4 - Partitioning the Data 

The data is partitioned into two sets. What is being validating? Are the THTF and 
FLECHT - SEASET data considered initially as one set and then split into two through 
random selection? 

77. 5.1.5 - S-RELAP5 Calculated HTC 

5.1.5.1 - Data Averaging 

The oscillations in the computed values of void fraction, heat transfer coefficient and 
clad temperature are attributed to changes in the heat transfer mode in the course of the 
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c computation(i.e., film boiling @single-phase vapor) c omputation(i.e., film boiling 

@single-phase vapor). 

a. What is the variable and its value that determines which mode to assume? 

b. What is the time increment in the computation and what is the average cycle 
length of the oscillation in the void fraction, and T,,,,? 

78. a. Is it correct that RELAP computes the void fraction (@), the heat transfer 
coefficient (h) and the clad temperature (Tclad) sequentially as follows: 

If so, is the same algorithm applied with the 8 second window? How does the 
window size compare to the computational time step? 

How does it compare to the time step in the Tclad measured values? 

b. Is the following sequence of computations during processing of the data correct? 

Let D(t) be the original values at time t. Assume w = 3. Then 

f3(4) = (1/3) [D(l) + D(2) + D(3) + D(4)] 
- 

- 
f3(5) = (1/3) [D(2) + D(3) + D(4) + D(5)] 

etc. 

Then fs,,,o,,t,,(t-w/2) @f,(t) for each t @ w/2. 

Is it correct to say that you compute a moving average with a lag of w and then 
shift the value back by w/2 in tme? 

79. In reference to the comparison shown in Figures 5.18 through 5.20. 

a. Are you applying the same algorithm (i.e., w) in the vapor and quench parts of 
the curves as in the transition region? 

b. How would enlarging the window result in larger segments of unsmoothed data 
in the film boiling regime? 

c. How is stopping the smoothing at the level where the amount of ripple remaining 
is on the order of what might be expected as experimental uncertainty relevant? 
The computation is deterministic, therefore, experimental uncertainty cannot be 
reproduced. By not smoothing "completely" how can you be sure you are not 
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skewing the distribution on which your uncertainty estimate in the multiplier is 
based? 

d. Therefore, what harm is there in smoothing completely, in view of the 
comparisons shown in Figures 5.18 through 5.20? 

e. 5.1.6 - Multiplier Correlation 

Two heat transfer coefficient correlation multipliers are being determined in this 
section: MFILMBL and MFRHTc. Correct? 

M is a function of z (fuel height) and t the time in the transient, since hmeas(zo,t) 
and hca,,(z,t), where zo is the thermocouple location. Correct? 

80. How do you define quench front? 

a. At a thermocouple location z, how do you determine the time of the quench front 
at that location from the measured data? 

b. How are MFlLMBL and MFRHTc related to the definition of quench front? 

C. In aligning the quench fronts to a common location (say zo ), what parameters 
are YOU equating We., P,,,,( zo, tmeas) = PcaIc (~0 ,  tcalc)? 

81. You state "Temporal displacements between THTF measured data and code 
calculations were ignored. The tvnsients are sufficiently short in duration that the 
temporal differences are expected to be small." 

In principle, is it not the relationship between the time step size in the transient 
calculation in relation to the temporal differences that is the issue, and not the duration 
of the transient? Please explain your reasoning in greater detail. 

Note: Since 

a misalignment of h,,,, and h,,,, with respect to time will introduce a bias in the distribution of 
M(t) (which twill be used in M(t), the one from the measurements or from the calculation?) 

82. 5.1.7 - Film Boiling Multiplier Statistics 

5.1.7.1 - Defining Data Set 

Is this the same partitioned set as described in Section 5.1.4? 

83. The first paragraph is not clear. 

a. Does "multiplier pairs" mean MFlLMBL and MFRHTc 7 . 
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84. 

85. 

86. 

b. How were M,,,,,, = [ J and MFRHTc. = [ ] determined? 

C. What does "The correlating set had a mean of 1 .OO and a standard deviation of 
0.373." mean? In particular, what is the "correlating set"? 

Please explain the rest of this section more clearly. 

a. Figures 5.21 through 5.23 refer to frequencies of measured-to-calculated HTC 
ratios. What happened to the distinction between FILMBL and FRHTC? 

Similarly, in the fit of M vs. @, what heat transfer regime is assumed and why? b. 

5.1.7.2 - Validating Data Set 

Is it not true that both the correlating set and the validating set are random samples from 
the same data set? What are you validating in that case? 

5.1.7.3 - Probability Distributions for Film Boiling 

It seems that a lognormal distribution would be more appropriate for f(x). There is no 
reason a priori to separate f(x) into two terms based on low and high void fraction. 
Moreover a discontinuity in the derivative with respect to void fraction is introduced. 
Please explain. 

Reference 5MF-2103(P), Rev. 0 

87. 4.u. , - Evaluation of Code Biases 

In the first paragraph it is stated that ' I . . . ,  the evaluation of the biases does not include 
uncertainties." 

The biases do have uncertainties associated with them as you have quantified in Table 
4.19. In order to make the conclusion in Section 4.3.4.4 "The application of the biases 
resulted in a reduction in the maximum PCT predicted by the code, ....'I. Therefore, the 
bias corrected value of the code is a prediction. This requires that the uncertainty in the 
bias be taken into account. Please explain. 

4.4 - Determination of Effect on Scale (CASU Step 10) 

Please comment on the following argument and how your conclusions, with regard to 
the ability of S-Relap5 to scale the requisite phenomena concerning to a RLBLOCA, are 
valid in this context. 

A Heuristic Analysis of the Effect of Scale 

Notation: 

measatest 

calc@test 

88. 

measured result of a test 

S-RELAPS calculated result of a test 
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meas@LOCA measured result of a I-OCA 

calc@LOCA 
Of the above four the only one the staff cannot do is the meas@LOCA, yet it is what the 
staff wants to estimate since it is considered the "truth". 

S-RELAP5 calculated result of a LOCA 

Let P be a variable of interest such as peak clad temperature. 

@ P(@) where a @ set of independent variables defined by PlRT and for which the 
sensitivities have been quantified. 

So, scaling issues deal with the effect of al,,,, @ a, @ @ILocA @ @, + @ a on 
p ( a ) .  

If scaling holds 

The question then is what are the conditions on test scaling and code scaling so that we 
can get an estimate of the "truth" in terms of measatest, calcatest, and calc@LOCA. 

Consider the following relationships: 

Test Scalinq: 

p meas@test(ao) a ?as@LOCA(a) 

Similarly for 
Code scaling: 

P calc@LOCA(a)/~ calc@test(a0) { I + I/P @ P / @ ~ I  calc@test @ a 1 

What we want to estimate is the "true" value of P(@) at LOCA conditions, i.e. we want 
to compute P meas@LOC*(@) at some level of confidence. 

From the above expressions we form 
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Rearranging terms we obtain 

where we define a scaling factor (SF) as 

test scaling code scaling 

So, the estimate of the "true" RLBLOCA value of some parameter P has the following 
components: 

a. 

b. 

P calc@LOCA - the S-Relap5 computed parameter for the LOCA. 

P meas@test/P calc@test - the bias estimated by comparing computed and 
measured values of the parameter from tests. This is the sole source of 
variation that contributes to the computation of the confidence level in the 
estimate of P meas@LOCA(@). 

C. SF is a factor that accounts for scaling effects. 

The analysis implies that SF @ 1 .O. The above discussion implies that for this to be 
true we must fulfill the following conditions: 

b. 1/p @P/@almeas@test @ I/P @P/@alcaic@test 

The first implies that the sensitivities of the computed results of the tests to changes in 
the independent variables are small.' The second that the sensitivity of the measured 
results for the tests are comparable in size to those computed. 

How do your conclusions with regard to test scaling for blowdown, refill and reflood fit 
into the above scheme? 

Similarly, how do your conclusions with regard to code scalinq fit into the above 
scheme? 

89. 5.1.1 - Determining Important Process Parameters 

You state "In contrast, treating these process parameters statistically accounts for 
higher order behavior by including all possible combinations in the sample space." 
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a. What exactly are you referring to by higher order behavior? Give an illustrative 
example. 

b. To get "all possible combinations in the sample space" would require n9 (from 
Table 5.1) uniformly distributed sample points, where n is some appropriate 
number of observations for each variable. Is this what was in mind? This gets 
big very quickly! 

90. 5.1.2 - Role of Sensitivity Studies 

"Parameters can be demonstrated to be insignificant by sensitivity studies and/or by 
their relationship to low-ranked PlRT parameters." 

a. What exactly is meant by sensitivity studies in this context? That is, are these 
S-RELAP5 calculations of a full scale RLBLOCA wherein input parameters are 
varied? Give an example. 

b. Have you shown that the results of a S-RELAP5 calculation for sensitivity at full 
scale is valid? 

91. 5.1.3 - Quantifying Statistical Quantities 

Why are there no measurement uncertainties associated with the parameters - 
accumulator level through core flow in Table 5.4? 

92. How are the operational and measurement uncertainties combined to give the 
distribution for the parameters in Table 5.4? 

93. 5.2 - Performance of NPP Sensitivity Calculations 

5.2.1 - Statistical Approach 

The statement "Non-parametric statistical techniques are useful in situations where 
acceptance or rejection is based on meeting a tolerance limit and where you do not 
need the probability distribution itself." is misleading. The analytic form of the probability 
distribution function need not be known, but the function must be continuous. In the 
current context, the distribution function is the S-RELAP5 code. What evidence do you 
give that S-RELAP5 computed PTC and cladding oxidation are continuous in the 
independent random variables for RLBLOCA analysis conditions? 

94. Define your use of the term "outlier" in the current context of your application, i.e. given 
59 observations of PCT, what makes you call the 59 th term in the order statistic and 
outlier? What statistical test do you apply and what makes you think it is appropriate, 
i.e. not due to some deterministic quirk in the computation? Please formulate your test 
for an outlier in terms of a statistical hypothesis test. 

95. 5.4 - Determination of Total Uncertainty 

The final results for the 4-loop sample problem are summarized as: 
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0 The 95/95 calculated PCT was 1635 "F 

0 The 95/95 calculated maximum nodal oxidation was 1.1 % 

96 

97 

98. 

99. 

100. 

101. 

102. 

103. 

104. 

105. 

0 The 95/95 calculated maximum total oxidation was 0.02% 

a. Are these joint estimates based on the same n = 59 S-RELAP5 runs? 

b. If yes, please explain why. The 95/95 for the @ estimation of three dependent 
variables requires far more than n = 59. 

C. Physically PCT and oxidation rates should be correlated. Do you account for 
that and if so how? 

Stored energy in the fuel is treated, however pin pressure is not. Please describe the 
methods used to assess the potential for blowdown ruptures and how fuel rod gap 
pressures are calculated and treated statistically. 

Please explain how the uncertainty in the gap gas conductance is accounted for. 
Please explain how variations due to fuel relocation are treated and included in the 
uncertainty in the stored energy of the fuel. 

What is the initial oxide layer thickness assumed on the inside and outside of the rod. 
Please explain how this is treated and justify the initial oxide layer thicknesses. 

On page 4-94, the 90 percent confidence limit was used to evaluate the constant and 
expcnential terms in the oxidation model. As described in RG 1.1 57, please use the 95 
percentile confidence limits to evaluate these terms. Also, was the uncertainty on the 
predicted mean of the data in the Cathcart-Pawel cited reference verified. 

Cold leg condensation only, is discussed on page 4-99. Please explain how downcomer 
condensation was ranged and applied in the methodology. 

Downcomer entrainment was not discussed in the statistically treated section. Please 
explain how downcomer entrainment was ranged. 

The refill heatup period heat transfer multipliers were also not discussed. Please show 
the S-RELAP5 code predictions to data during refill and show the heat transfer 
multipliers applicable to refill. 

Please explain the "Comparison with Adjusted Accumulator" in Figure 4.152 

LOFT L2-3 predictions capture the second peak due to the lack of quench during 
blowdown. If quench occurs, how well does S-RELAP predict the second peak? Do the 
plant calculations always show a failure to quench during blowdown? If not what is the 
effect on the reflood PCT? 

Explain why the methodology does not contain an uncertainty assessment regarding 
peak local oxidation. At the higher PLHGRs and with downcomer boiling, what is the 
core wide oxidation. 



106. 

107. 

108. 

109. 

110. 

111. 

112. 

113. 

114. 

115. 

116. 

117. 

What is the basis of the moderator-density feedback curve employed in the analysis? Is 
the most positive MTC allowed by the technical specifications used? Please explain and 
show the reactivity versus density curve used in the demonstration analysis. What 
doppler feedback curve is used? What is the uncertainty in these curves applied to the 
analysis? 

In Table 5.7 on page 5-23 of EMF-2103, how was the lower limit on T inlet determined? 
Will the analysis be applied to plants during an end of cycle coastdown? If so, what is 
the sensitivity of the methodology to T inlet and how would the evaluation be performed? 

In Figure 5.2 on page 5-29 of EMF-2103, which peak temperatures are due to first 
peaks and which are due to reflood peaks? The peaks corresponding to times beyond 
100 seconds are very low. These appear to be reflood peaks; please explain why the 
reflood peaks are so low when linear heat rates are based on peaking factors in the 
range 2.4 to 2.6? Why do the guillotine breaks appear to be all first peak limited? 

Figure 5.3 shows break areas of 1 .O ft2 and less. What is the effect on the PCT 
distribution if breaks 1 .O ft2 and smaller are thrown out? The upper limit on the break 
size is about 4.0 ft2. What are the break multipliers for the largest sizes in Figure 5.3? 
How are the multipliers applied to each side of the break? Please explain. 

What does the scatter plot for PCT versus reflood rate look like? 

Table 5.7 identifies the failure of 1 LPSl and 1 HPSI. Please show the PCTs for a diesel 
failure, a LPSl failure, and no failure on the same plot. 

In Table 5.7, why is steam generator plugging limited to 10 percent since the average 
for operating plants is 15 percent? How is the plugging distributed among the steam 
generators? How are asymmetries in plugging handled? 

Table 5.7 lists the hot assembly to be anywhere in the core? Please show the core flow 
and PCT for the hot assembly placed in the most limiting position which minimizes 
blowdown cooling. 

Minimum EC boron of 2925 is used in the analysis. What is the minimum time to boron 
precipitation for this boron concentration? Show that the switch to simultaneous 
injection occurs before precipitation for the limiting large break and location. 

Please explain why the PCT is not skewed toward the higher values as power is 
increased in Figure 5.6 of EMF-2103 and Fq is increased in Figure 5.7? 

How is the AS1 chosen in the analysis? Are power distributions with power skewed 
toward the top most likely and how does the AS1 chosen reflect the most likely 
distribution? 

Please explain why the trend in PCT is not increasing with increasing inner ring and cold 
ring power? Are these PCTs determined with the hot assembly located in the position 
which minimizes core flow and cooling during blowdown? Which PCTs are first peaks? 



- 25 - 

118. 

119. 

120. 

121. 

122. 

123. 

124. 

125. 

126. 

127. 

128. 

129. 

What do the PCT scatter plots look like if they are separated into first peaks and second 
peaks? 

Why does the PCT turn around so quickly in Figure 5.18? What is the reflood rate 
versus time for this break? Please explain why the quench occurs so early since 
downcomer boiling should initiate following discharge of the SITS. 

What is the cause of the spike in flow at about 7.5 seconds in Figure 5.20? What is the 
PCT if this flow spike is eliminated? 

What is the cause of the downcomer level increase just after 50 seconds in Figure 5.25? 
What causes the drop in level at 225 seconds? Please show a plot of the downcomer 
void fractions versus time. Also show a plot of the downcomer temperatures for these 
locations versus time compared to the saturation temperature. 

Show a plot of the core flow at the PCT location. 

Please show the heat transfer coefficient and steam temperatures corresponding to 
Figure 5.18. Also show the core void fraction versus time for these locations and the 
droplet size at the hot spot versus time. What is the reflood rate versus time? 

Why does the PCT show the rapid temperature decrease just after the safety injection 
tanks empty? What are the low pressure safety injection and high pressure safety 
injection flow rates after safety injection tank exhaustion? 

Why is the lower plenum liquid solid at about 75 seconds? Why is there no boiling in 
this region? How is wall heat modeled in the lower plenum? Please explain 

What is the source of the pressure spike in Figure 5.28 at 70 seconds? Please explain. 

What is the sensitivity of PCT to the expected variation in containment pressure? What 
is the uncertainty in containment pressure? 

Page A 4  of EMF-2103 states that a discussion of each study is not practical. In order 
to demonstrate the basis for these studies, plots of key parameters are needed along 
with a discussion of the results. The basis for each sensitivity needs to be explained 
and the key plots presented with comparisons to the base case to provide the technical 
justification for the choices for the parameters listed in the sensitivity studies given in 
Table A.2. 

The discussion in Section A.2 refers to core flow stagnation, reduced heat transfer and 
many other phenomenological behaviors but does not show any plots other than PCT. 
Figures A. l  through A.4 do not display quench. Please show the quench for these 
cases. What is the impact on clad oxidation for these cases? Comparison of Figure A.3 
with A. l  shows an increase in PCT of 500°F. Given this large change in PCT and the 
fact that the S-RELAP5 did not capture the effects of nitrogen which was to 
subsequently increase PCT after the initial decrease, please provide the justification for 
including this PCT benefit in the methodology. Is Figure A.2 incorrectly labeled as this 
plot for the 4-loop plant? Why does the PCT increase substantially beyond that for the 
3-lOOp plant compared to the 4-loop plant when nitrogen injection is precluded. 
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130. 

131. 

132. 

133. 

” 34. 

135. 

136. 

137. 

How does low rod pressure produce more conservative PCTs as indicated in Table A.2? 
Higher rod pressures at higher linear heat rates will eventually cause blowdown ruptures 
increasing the stored energy at end of blowdown that will increase PCTs. Please 
explain. 

In the rupture sensitivities given in Figures B.3 and 8.4, how was fuel relocation and the 
subsequent heat generation in the ruptured zone modeled? If this was not taken into 
account, please justify the omission of fuel relocation effects in the ruptured region. How 
does blowdown rupture influence the conclusions of the rupture study? What 
assumptions are made regarding rupture of the surrounding rods in the rupture study. 
Are touching strains predicted and what conditions are needed for this condition? What 
is the justification for the blockages calculated that show rupture reduces PCT? What is 
the PCT sensitivity to percent blockage up to the maximum? What test data was used 
to justify the less limiting nature of rod rupture and show S-RELAP5 comparisons to the 
data? 

Please show the heat transfer coefficient vs. time for Figures 8.3 and B.4. Also show 
the temperature of the node just above the ruptured region and it’s corresponding heat 
transfer coefficient. Also show the gap conductance vs time for the ruptured and 
unruptured region just above. Are the drop sizes affected by the ruptured region. What 
is the void fraction and corresponding drop sizes versus time at the hot spot? 

Figure 8.13 shows an increasing PCT at the end of the plot. Please show the transient 
until quench. 

Figure C. 1 shows a variation of about 50 K during reflood with time step. Please 
disc_ .he effect of smaller time steps on PCT. 

Please support the basis for the uncertainty, especially the difference between the 95/95 
and 50150 and the data base used to assess the code predictive capability (for example, 
there are many more FLECHT-SEASET, FLECHT Cosine and FLECHT Skewed tests 
with PCT between 2000 and 2200 F that were not used in the S-RELAP5 comparisons). 
This would include the sensitivity of PCT to nitrogen injection, fuel swell and rupture 
modeling, sensitivity to time step, downcomer boiling sensitivities, etc. If a larger data 
base was used, how would the uncertainty be impacted? 

As identified on page 3-17 of EMF-2100, the Weber number is used to define the 
maximum bubble size. For reflood calculations, Wallis has proposed a formula based 
on the Taylor instability theory. Please discuss the impact of the Wallis approach for 
choosing bubble size on level swell and reflood behavior and justify the model. 

Regarding the critical Weber number of 4.0 for droplets in dispersed flow (page 3-1 7 of 
EMF-2100), Wallis recommends that a Weber number of 12 be used to define the 
maximum drop diameter for viscous fluid droplets. Drop diameters of about 1/10 inch 
characterize LOCA reflood behavior and have been used to capture the PCT in the 
FLECHT tests. Please justify the Weber number used to compute the drop size for the 
FLECHT tests. What is the lower limit on drop size in the S-RELAP5 methodology and 
how does this value compare to the data base? 
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138. How are the flow regime maps applied to the 2-D downcomer model? 

139. Since flow regimes affect entrainment and ECC bypass, how was the uncertainty in the 
flow regime maps included in the methodology? 
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measured temperatures below the 15-in elevation, much greater than the measurements from 

15-in to 44-in elevation, and much lower than measurements above the 44-in elevation.  The 

comparison can be considered acceptable because the calculated temperature trends followed 

the data trends, although the magnitudes did not compare well, and the calculated temperatures 

were overpredicted for the high power region.  The highest PCT of 942 K (1236 F) was 

measured at the 15-in elevation while the calculated PCT was 1005 K (1350 F). 

4.3.2.1.5 LOFT Test L2-5 Assessment 

Test L2-5 was the third LBLOCA test conducted in the LOFT facility in which the reactor core 

power provided the primary heat source.  The test represented a hypothetical cold leg guillotine 

break that simulated a double-ended, offset, shear break in a commercial (1000 MWe) 4-loop 

PWR.  The test was initiated at 75% thermal power (36 MWt) and a 12.22 kW/ft maximum 

LHGR. 

Operation of the LOFT PCPs differs from a typical PWR in that the LOFT pump rotors are 

electromagnetically coupled to their flywheel system.  It is normal during LOFT tests to uncouple 

the pumps from their flywheels whenever the pump speed falls below 750 rpm (78.54 rad/s).  

During the L2-5 test, the two PCPs were tripped at 1 second and disconnected from their 

flywheels.  This provided a rapid pump coast down.  This operation of the pumps reduced the 

flow into the vessel to less than the flow to the break, thus preventing an early bottom-up fuel 

rod rewet.  These simulated conditions are more typical of a 3-loop PWR than a 4-loop PWR.  

LOFT pumps normally coast down while connected to their flywheels that were designed to 

represent the normal pump coast down of commercial W 4-loop PWRs. 

The Test L2-5 HPIS flow is 58% of Test L2-3 HPIS flow and is 75% of Test LP-02-6 HPIS flow 

because an improper small break HPIS flow condition was inadvertently specified for Test L2-5.  

The injections of high and low pressure ECCSs were delayed to 23.9 and 37.32 seconds, 

respectively, to simulate the expected delay in starting up the emergency power diesel 

generator to run the ECCS. 

Before the transient started, the power level in the reactor core was steadily increased, then 

held at 36 MW ± 1.2 MW for about 28 hours.  This ensured that an appropriate decay heat 

power level would be obtained once the control rods were inserted into the reactor core.  Test 

conditions before the beginning of the L2-5 test were as follows.   
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leg and 558.0 K for the hot leg come very close to measured values considering the large error 

bands quoted for the measured data, namely 554.3 K ± 4.2 °K for the cold leg and 561.9 K ± 

4.3 °K for the hot leg.  The desired steady-state conditions were successfully achieved and the 

calculation accurately reached the L2-5 test initial conditions. 

For the transient calculation, a short steady-state calculation before the break opening is carried 

out to ensure that the steady-state initial condition is properly maintained when switching from 

the steady-state input model to the transient simulation.  The calculation for this analysis is a 

simulation of Test L2-5 from 10 seconds before the break initiation at 0 seconds up to 

140 seconds.  This time interval was chosen because the important phenomena and significant 

events of Test L2-5 occurred during this period. 

The assessment of S-RELAP5 to predict each of the important LOCA phenomena is presented 

in detail in Reference 5.  Figure 4.149 depicts the final comparison of the calculated and 

measured PCT versus core elevation.  In this figure, the PCT is referred to as a maximum 

cladding surface temperature, either calculated or measured at the various locations, during the 

LOCA transient history.  The comparison generally shows very good agreement and the 

differences between the calculated and measured PCT in the high power region between 15-in 

to 44-in elevations are quite small.  Calculations and measurements both show a plateau region 

between the 15-in and 28-in elevations where maximum PCT occurs.  The highest PCT of 

1105.4 K (1530.1 F) was measured at the 24-in elevation and the calculated PCT was 1102 K 

(1524 F). 

4.3.2.1.6 LOFT LP-02-6 Assessment 

LOFT LP-02-6 was the fourth LOFT nuclear powered core LBLOCA test conducted with 

pressurized nuclear fuel rods and with a specification of minimum U.S. ECC injection rates.  The 

maximum LHGR of 14.87 kW/ft was above the typical technical specifications currently used for 

licensing analyses of PWR fuel rods with the same approximate pellet diameter used in a 

15 x 15 fuel pin array.  Test LP-02-6 represented an NRC "design basis accident" test and was 

supposed to run at 100% power, 50 MWt, but because of questions concerning the integrity of 

the pressurized fuel rods in the central hot assembly, the power level was reduced to mitigate 

possible safety problems.  LP-02-6 is an important LBLOCA test for code assessment because 

it addresses the issues relating to safety margins associated with the response of a PWR to the 

NRC "design basis accident" scenario, including delayed minimum ECC safeguards. 
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agree quite well and the calculated initial conditions are generally within the uncertainty band of 

the measured quantities.  The calculated initial broken loop temperature of 557.6 K for the cold 

leg and 558.3 K for the hot leg come very close to measured values considering the large error 

bands quoted for the measured data, namely 553.0 K ± 6.0 °K for the cold leg and 560.0 K ± 

6.0 °K for the hot leg.  The desired steady-state conditions were achieved and the calculation 

accurately reached the LP-02-6 test initial conditions. 

A short, steady-state calculation before the break opening is carried out to ensure that the 

steady-state initial condition is properly maintained when switching from the steady-state input 

model to the transient simulation.  The calculation for this analysis is a simulation of Test 

LP-02-6 from 10 seconds before the break initiation at 0 second up to 140 seconds.  This time 

interval was chosen because the important phenomena and significant events of Test LP-02-6 

occurred during this period. 

The assessment of S-RELAP5 to predict each of the important LOCA phenomena for LOFT 

LP-02-6 is presented in detail in Reference 5.  Figure 4.150 compares the calculated and 

measured PCT versus core elevation.  This figure refers to the PCT as a maximum cladding 

surface temperature, either calculated or measured at the various elevations, during the LOCA 

transient history.  The comparison shows that the code overpredicted the measured 

temperatures except at the low power region near the core exit.  The greatest differences 

between the calculated and measured PCT occur in the high power region between the 15 in 

and 44 in elevations.  The highest PCT of 1104.8 K (1529 F) was measured at the 26-in 

elevation.  The comparison shows that the calculated PCT of 1159 K (1627 F) is in good 

agreement with data and conservatively exceeds the measured PCT in the high power core 

region. 

4.3.2.1.7 LOFT Test LP-LB-1 Assessment 

The fifth LOFT LOCE, Test LP-LB-1, simulated a hypothetical double-ended cold leg guillotine 

break initiated from conditions representative of a PWR operating near its licensing limits.  The 

initial core power was near the facility design limit of 50 MWt with maximum LHGR of 15.8 

kW/ft.  Included in the test's boundary conditions were loss-of-offsite power coincident with the 

LOCE, a rapid PCP coastdown, and a minimum safeguard ECCS injection assumption from a 

European PWR.  To minimize possible fuel pin damage, all of the fuel rods in the core were 

initially unpressurized. 
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From Reference 5, a bias of 11.4°K ± 16.2°K (20.5°F ± 29.2°F) should be applied to the 

measured PCT to account for the 'fin cooling' effects on the surface mounted thermocouples.  

Thus, the reportable PCT for LOFT LP-LB-1 is 1284.0 K (1851.5 F). 

A steady-state initialization calculation was performed to reach the desired steady-state 

conditions for initiating the LOCA calculation.  The calculated and measured initial conditions 

agree quite well and the calculated initial conditions are generally within the uncertainty band of 

the measured quantities.  The calculated initial broken loop temperature of 560.0 K for the cold 

leg and 558.3 K for the hot leg come very close to measured values considering the large error 

bands quoted for the measured data, namely 552.0 K ± 6.0 K for the cold leg and 561.0 K ± 

6.0 K for the hot leg.  The desired steady-state conditions were achieved and the calculation 

accurately reached the LP-LB-1 test initial conditions. 

A short steady-state calculation before the break opening is carried out to ensure that the 

steady-state initial condition is properly maintained when switching from the steady-state input 

model to the transient simulation.  The calculation for this analysis is a simulation of Test 

LP-LB-1 from 10 seconds before the break initiation at 0 second up to 240 seconds.  This time 

interval was chosen because, although most the important phenomena and significant events of 

Test LP-LB-1 occur before 100 seconds, the quenching of the core occurred much later in the 

calculation.  

The assessment of S-RELAP5 to predict each of the important LOCA phenomena for LOFT test 

LP-LB-1 is presented in detail in Reference 5.  Figure 4.151 compares the calculated and 

measured PCT versus core elevation.  In this figure, the PCT is referred to as a maximum 

cladding surface temperature, either calculated or measured at the various elevations, during 

the LOCA transient history.  The comparison shows that S-RELAP5 overpredicted temperatures 

in the high power region up to the 44-in elevation, and slightly underpredicted temperatures 

above 44 in.  The measured PCT is 1284.0 K (1851.5 °F) at the 24-in elevation.  That 

measurement includes a bias and uncertainty of 11.4 °K ± 16.2 °K (20.5 °F ± 29.2°F) caused by 

the fin cooling effects on the surface mounted thermocouple.  The calculated maximum PCT of 

1310 K (1899 F) also occurred at the 24-in core level and is in good agreement with the 

measured PCT.  Based on Figure 4.151, the PCT at any elevation is within approximately 20% 

of the data, which is reasonable agreement. 



EMF-2103(NP)
Revision 0 Realistic Large Break LOCA Methodology for 

Pressurized Water Reactors  Page 4-293
 

This document contains proprietary information and is 
Framatome ANP Richland, Inc. subject to the restrictions on the first or title page. 
   

 

0.
0

11
.0

22
.0

33
.0

44
.0

55
.0

66
.0

C
or

e 
C

en
tr

al
 A

ss
em

bl
y 

E
le

va
tio

n 
(in

ch
es

)

50
0.

0

10
00

.0

15
00

.0

Cladding Temperature (K)

LO
F

T
 L

2−
3 

S
−

R
E

LA
P

5 
A

N
A

LY
S

IS

M
ea

su
re

d 
D

at
a

P
C

T
 n

od
e 

w
ith

 ’f
in

 c
oo

lin
g’

 b
ia

s
S

−
R

E
LA

P
5

0.
0

11
.0

22
.0

33
.0

44
.0

55
.0

66
.044

0.
0

94
0.

0

14
40

.0

19
40

.0

Cladding Temperature (F)

LO
F

T
 L

2−
3 

S
−

R
E

LA
P

5 
A

N
A

LY
S

IS
P

LO
T

 F
IL

E
 N

A
M

E
: 0

l2
−

3_
pc

t_
00

.e
ps

, J
O

B
 ID

: m
ak

e_
pc

t_
pl

ot
.o

35
70

, D
A

T
E

: T
ue

 M
ay

 2
1 

08
:4

6:
34

 P
D

T
 2

00
2

 

 

Figure 4.148  Comparison of PCTs Versus Core Elevations LOFT 
Test L2-3 with S-RELAP5 
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Figure 4.149  Comparison of PCTs Versus Core Elevations LOFT 
Test L2-5 with S-RELAP5 
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Figure 4.150  LOFT Test LP-02-6 Comparison of PCTs Versus Core 
Elevations 
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Figure 4.151  LOFT Test LP-LB-1 Comparison of PCTs Versus Core 
Elevations 
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Figure 4.193  LOFT LP-LB-1 Temperatures at Measured PCT Node 
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Figure 4.194  LOFT LP-LB-1 PCT Profile 
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Figure 4.195  LOFT LP-02-6 Temperatures at Measured PCT Node 
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Figure 4.196  LOFT LP-02-6 PCT Profile 
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Figure 4.197  LOFT L2-5 Temperatures at Measured PCT Node 
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Figure 4.198  LOFT L2-5 PCT Profile 
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Figure 4.199  LOFT L2-3 Temperatures at Measured PCT Node 
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Figure 4.200  LOFT L2-3 Temperatures at Calculated PCT Node 



EMF-2103(NP)
Revision 0 Realistic Large Break LOCA Methodology for 

Pressurized Water Reactors  Page 4-346
 

This document contains proprietary information and is 
Framatome ANP Richland, Inc. subject to the restrictions on the first or title page. 
   

0.
0

11
.0

22
.0

33
.0

44
.0

55
.0

66
.0

C
or

e 
C

en
tr

al
 A

ss
em

bl
y 

E
le

va
tio

n 
(in

ch
es

)

50
0.

0

10
00

.0

15
00

.0

Cladding Temperature (K)

LO
F

T
 L

2−
3 

S
−

R
E

LA
P

5 
A

N
A

LY
S

IS

M
ea

su
re

d 
D

at
a

P
C

T
 n

od
e 

w
ith

 ’f
in

 c
oo

lin
g’

 b
ia

s
S

−
R

E
LA

P
5 

ba
se

 c
as

e
S

−
R

E
LA

P
5 

bi
as

ed

0.
0

11
.0

22
.0

33
.0

44
.0

55
.0

66
.044

0.
0

94
0.

0

14
40

.0

19
40

.0

Cladding Temperature (F)

LO
F

T
 L

2−
3 

S
−

R
E

LA
P

5 
A

N
A

LY
S

IS
P

LO
T

 F
IL

E
 N

A
M

E
: 0

l2
−

3_
pc

t_
00

.e
ps

, J
O

B
 ID

: m
ak

e_
pc

t_
pl

ot
_b

ia
s.

o3
57

1,
 D

A
T

E
: T

ue
 M

ay
 2

1 
08

:4
8:

21
 P

D
T

 2
00

2

 

Figure 4.201  LOFT L2-3 PCT Profile 
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Heat Transfer Model Changes from SBLOCA to 
LBLOCA 

S-RELAP5 REALISTIC LARGE BREAK LOCA 

Referc 
EMF-2100, 

Request for Additional Information 

Minimum Film Boiling 
Temperature, Tmin = 
700 K 
Transition Boiling 

Forslund-Rohsenow 

Heat Transfer 

Revision 2 
New Model Figure 4.1 

The Fr factor in the modified 
Chen's transition boiling (4.36) 
correlation is changed for 
smoothness 
The value for the coefficient K 

Equation 

Page 4-17, 

Question 1 : Please provide a list of differences in the heat transfer models and CHF 
correlations as utilized in the Realistic Large Break LOCA to those utilized in Small Break LOCA 

Dispersed Film Boiling 

models. 

is changed from 0.4 to 0.2 

Response 1 : The differences in the heat transfer models and CHF correlations utilized in the 
RLBLOCA methodology relative to those utilized in the SBLOCA methodology are summarized 
in Table 1 .I below. 

Modified Bromley Film 
Boiling 
Modified Zuber Critical 

Table 1 .I Differences Between SBLOCA and LBLOCA Models 

first paragraph 
The (1 - factor is dropped Equation 

(4.45) 
Zuber CHF is used for void Equation 

Heat Flux (CHF) fraction below 0.74 and the 
modification factor is applied for 
void fraction above 0.74 

(4:32) 

second 
sentence from 
the end of the 

ices 
EMF-21 00, 
Revision 4 
Figure 4.1 

Equation 
(4.41) 

Page 4-1 8, 
the last 
sentence of 
second 
paragraph 
Equation 
(4.47) 
Equations 
(4.32) and 
(4.33) 

The minimum film boiling temperature [ 
calculated quench temperature and quench behavior during reflood. The Tmin model practically 
eliminates the role played by the transition boiling correlation to determine whether the heat 
transfer mode is in transition boiling or film boiling. Consequently, the transition boiling 
correlation can be modified for smoothness without significant impact on the calculated results. 

] was implemented to improve the 

The changes in the film boiling correlations were made in an attempt to impme codedata 
comparisons for tube data. 

The change in the modified Zuber critical heat flux is partly based on experimental data and 
partly intended to smooth the reflood calculations. 
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The heat transfer modifications between the SBLOCA and the RLBLOCA code wsions are 
improvements for LBLOCA. In the heatupldry-out period of a SBLOCA, the core can essentially 
be characterized by a single-phase steam region above a two-phase mixture region. Therefore, 
its PCT is mainly determined by the single-phase vapor heat transfer and will not be significantly 
impacted by small changes in other heat transfer models. Undocumented calculations did 
demonstrate that both SBLOCA and RLBLOCA code uxsions produce about the same PCTs 
for SBLOCA. 

Question 2: In the analysis of the LBLOCA tmnsient, there are a number of different 
correlations that are used as the transient unfolds, (Biasi, modified Zuber, Sleicher and Rouse, 
Dittus-Boelter, etc.). Please choose a typical LBLOCA transient and map out all the diffetent 
correlations that are used along the way, from the beginning of the transient to the end. Stating 
the particular correlation used, its applicable mnge (in terms of Reynolds No., flowrates, etc.), 
and validation of its use in the applicable range. 

Response 2: During a transient simulation, different heat transfer correlations may be applied 
at any given time. The best way to demonstrate how the S-RELAPS simulation of a LBLOCA is 
supported by correlation development and validation studies is to first identify (or map) the 
“simulation-space” and compare it to the “assessment-space.” The “assessment space” 
represents the combination of the applicability range from separateeffects investigation (i.e., 
correlation development or derivation), the expanded applicability range from uncertainty 
analysis, and validation from integral-effects benchmark calculations. The simulationspace is 
evaluated through the examination of the limiting calculations (in terms of PCT) for the 3- and 4- 
loop sample problems for key correlation dependent parameters. The key parameters are 
defined as those engineered parameters that can be designed into a themal-hydraulic test 
matrix. The most common engineered parameters used in thermal-hydraulic testing and 
correlation development are pressure, power (in terms of linear heat generation rate, or heat 
flux), and mass flux (may be also given as Reynolds number or mass flow). 

The comparison of the simulationspace and assessmentspace provides quantitative support to 
Step 6, Determination of Code Applicability, in the Code Scaling, Applicability, and Uncertainty 
(CSAU) methodology (Reference 1). As stated in Reference 1, “if inadequacies are noted, they 
should be fully documented and, if possible, quantified.” Ideally, the assessmentspace will span 
the simulation space; hoMver, realistically, there will likely be holes in the assessmentspace. 
To prioritize the effort in demonstrating adequate coverage, Framatome ANP presented a PlRT 
for the LBLOCA in Reference 2. This PlRT identified and ranked the relevant phenomena of 
importance for a LBLOCA. Table 2.1 highlights just the core heat transfer phenomena identified 
as being important for LBLOCA from the PIRT. This table does not explicitly identify all the heat 
transfer regimes or correlations of importance. This information is given in Reference 3. The 
important heat transfer regimes are nucleate boiling, CHF (DNB), transition boiling, and film 
boiling. As can be seen from the PCT response in Figures 2.1 and 2.3 for the 3- and 4-loop 
sample problems, respectively, core heat transfer around the hot rod is limited to these heat 
transfer regimes. Figures 2.2 and 2.4 provide the corresponding heat transfer coefficient near 
the PCT node. It was the conclusion of the Framatome ANP PlRT team that the other heat 
transfer regimes were either not present or had negligible impact on peak clad tempetatures. In 
fact, it was concluded that nucleate boiling has a relatively low ranking during the LBLOCA event 
(see Table 2.1). 
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The best resource for information about the heat transfer regimes and their application can be 
found in Section 4 for the S-RELAP5 Models and Correlations Code Manual (EMF-2100, 
Reference 3). The selection logic for each heat transfer regime is presented in Figure 4.1 of that 
document. As a summary Table 2.2 highlights the heat transfer correlations used in S-RELAP5. 

The transient history at the PCT node for the 3- and 4-loop limiting PCT calculations (Case 41 
and Case 22, respectively as given in Reference 2) are used as an example to show the heat 
transfer models invoked during the entire transient and to define the example problem 
simulation-space. The heat structures at the PCT locations pass through the CHF point almost 
immediately (-0.03 s) after the break is initiated and the mass flux drops rapidly from over 3000 
kg/s-m2. Table 2.3 defines the simulationspace from the 3- and 4-loop sample problems for the 
duration of the transient simulation by presenting the different heat transfer regimes, the heat 
transfer correlations used and approximate parameter ranges. (Note: the chronology presented 
in this table is the traditional LBLOCA phases. The LBLOCA phases map well to the heat 
transfer region numbers highlighted in Figures 2.1 and 2.3 and leferenced in Table 2.3.) 

Figures 2.1 and 2.3 show clad temperature plots from the 3- and 4-loop sample problems, 
respectively with the LBLOCA phases in Table 2.3 identified. The heat transfer modes during 
the LBLOCA are identified in this figure. During most of the LOCA calculation, multiple heat 
transfer modes are present. However, with the exception of the period from just prior to quench 
to the end of the calculation, the dominant heat tlansfer mode is convection to single phase 
vapor (Sleicher-Rouse correlation). It should be noted that the heat tsnsfer to vapor is 
calculated by the Sleicher-Rouse correlation during the film boiling period. Unlike the 4400p 
sample problem, the 3400~  sample problem shows a late reflood heat up (Figure 2.1 vs. 2.3). 
As identified in Table 2.3, this is a period of film boiling with the void fraction generally greater 
than 0.995. The most obvious observation that can be made from these figures is that for the 
majority of the transient the hot rod is in film boiling. This is consistent with the expectation 
presented in the PIRT. 

Definition of the assessmentspace in terms of the range of applicability and validation of the 
relevant heat transfer correlations applied to the hot rod is given in the following paragraphs. 
This discussion is presented in the chronological order anticipated during a LBLOCA. Pressure 
and heat flux (heat flux is translated into linear heat generation rate, LHGR, by assuming a 
typical fuel rod diameter) are easily compared to the simulationspace; however, reported flow 
rates are given in either mass flux, velocity (aka, reflood rate), or Reynolds number. A simple 
approximation for reflood rate is 1 ink m 25 kg/s-m2. 

Time Period: Early Blowdown (0.0 - 0.03 s) 

Immediately following the postulated LBLOCA, portions of the core will, for a very brief time, be 
in the nucleate boiling heat transfer regime until critical heat flux (CHF) is achieved. The 
duration of this period depends on the size of the break; however, for the typical limiting PCT 
break, this period will last only a fraction of a second. This period is more influenced by the CHF 
correlation, rather than the nucleate boiling heat transfer correlation, because CHF triggers the 
time of transition to the low heat transfer regimes (post-CHF). 

S-RELAPS Implementation of CHF 

Correlation: Modified Zuber [ ] and Biasi [ 1 

Formulation: See Section 4.4 of Reference 3. 
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Derived Range of Applicability: During this early portion of the LBLOCA transient, core mass 
fluxes are generally high as fluid is beginning to move rapidly towards the break planes. For 
these higher mass fluxes, the Biasi correlation will apply. The Biasi correlation is empirical. For 
LBLOCA simulation with S-RELAP5, the Biasi correlation is applied only immediately following 
the transient initiation until the beginning of reflood. Sensitivity studies have shown that CHF is 
reached so quickly after a break, that clad temperatures are unaffected by a large uncertainty in 
CHF. The applicability range for the Biasi correlation is published in Reference 19 as: 

2.7 bar c Pressure (P) < 140 bar (approx. 40 psia c P c 2050 psia) 
100 kg/m2-s c Mass Flux (G) c 6000 kg/m2-s (S-RElAP5 constrains to G > 200 kg/m2-s, 
typical of blowdown phase of LBLOCA) 

In general, the conditions for which the Zuber correlation is applied are not expected during this 
early period. Nonetheless, the Zuber correlation was derived theoretically for pool boiling 
conditions with well-wetted horizontal surfaces; however, the formulations for other geometries 
range within +/- 12% of the Zuber values (Reference 17). It is applied for very low mass fluxes 
and when the reflood heat transfer model is activated. The S-RELAP5 mass flux constraint was 
recommended in Reference 18. 

ValidationMssessmenVExpanded Range of Applicability: Sensitivity of PCT to CHF was 
determined to be minimal in LBLOCA sensitiity studies. Early in the transient, heat transfer in 
the core rapidly advances to postCHF conditions. Nonetheless, the Biasi correlation was 
assessed against the tests performed on the THTF at Oak Ridge National Laboratory and a 
bounding bias was determined for application in the RLBLOCA methodology. This study is 
presented in EMF-2102 (Reference 15). Further discussion is provided in Section 4.1 3 of EMF- 
21 00 (Reference 3). 

Table 2.4 provides a comparison of the sirnulationspace (taken from Table 2.3) and the range 
of applicability evaluated for the assessmentspace for the Biasi CHF correlation. [Note: the 
assessment-space includes three components as previously described: the test conditions used 
in correlation development, relevant uncertainty analysis, and integral-effects validation.] 

Time Period: Blowdown (0.03 - 20 s) 

As the RCS depressurizes and CHF is reached in the core, vapor generation is rapid and the 
steam quality increases. This post-CHF period is characterized by film boiling, single-phase 
steam convection, and radiation (although radiation isn’t expected to be significant; hence, it 
doesn’t appear in the PIRT). As long as the steam maintains some wtness, the total heat 
transfer includes all three heat transfer mechanisms; howver, single phase steam conwction 
dominates heat transfer when void fractions are above about 0.75. PostCHF heat transfer 
includes uncertainty not only from the application of the correlations, but also from contributions 
of interfacial drag and heat transfer phenomena. For this reason, total postCHF heat transfer, 
rather than the individual correlations, is a statistically treated parameter. 

S-RELAPS Implementation of Film Boiling Heat Transfer 

Correlation: Modified Bromley [ 1, Forslund-Rohsenow [ 1, Sleicher-Rouse 
(a = 1) 

Formulation: See Section 4.7 of Reference 3. 



N RC: 02: 062 
Attachment 1 

Page 5 

Derived Range of Applicability: The modified Bromley correlation was analytically derived to 
be generally applicable in the film boiling regime. Nonetheless, the Bromley model was 
assessed with datasets covering a range of working fluids. The published database ranges for 
this correlation is: 

0.1 Mpa < Pressure (P) < 0.7 Mpa (or 14.7 psia < P c 102.9 psia, bounds reflood pressures) 
0 < Velocity (V) c 0.3 m/s (approx. 0 < G < 300 kg/s-m2, typical of reflood conditions) 
30.0 kW/m2 < Heat Flux (q”) c 130 kW/m2 and 0.25 in < D(rod) < .5 in 
(or -0.16 kW/ft < LHGR c 0.7 kW/ft, typical decay heat during reflood) 
Void < 0.4 

The Forslund-Rohsenow correlation was derived experimentally using only nitrogen as the 
working fluid. 

Pressure = 25 psia (below reflood) 
70,000 Ibm/hr-ft2 c G < 190,000 Ibm/hr-ft2 (0.82 kg/s-m2 < G c 2.23 kg/s-m2, a very low 
flow rate) 
q” c 25000 Btu/hr-ft2 (q” < 79 kW/m2, .228 in c D < .462 in, hence, 0.44 kW/ft < LHGR < 
0.88 kW/ft, approximately, typical decay power range) 

The Sleicher-Rouse correlation is discussed separately in the next section. 

Validation/Assessment/Expanded Range of Applicability: Within S-RElAP5 both the 
modified Bromley and Forslund-Rohsenow correlations may be used outside their derived range 
of applicability; however, applied statistical uncertainty on the total heat transfer provides the 
means for expanding the range of applicability. The primary deviations from the original range of 
applicability are: 

The modified Bromley correlation is limited to the condition where vapor void fraction is 
less than [ 

The Forslund-Rohsenow correlation was developed using nitrogen as the working fluid. 

1, rather than 0.4. 

The Forslund-Rohenow correlation is applied when the volume void fraction is above [ 1. 
For void fractions between [ 1, both the Forslund-Rohsenow and modified 
Bromley correlations are smoothly weighted to cover this transition region. 

Full range of pressure from 2250 psia to atmospheric. 

Full range of mass fluxes expected during reflood. 

A discussion on the statistical treatment of total heat transfer is presented in S-RELAP5 
Verification and Validation document, EMF-2102 (Reference 15). The uncertainty analysis 
applies data from the Thermal-Hydraulic Test Facility (THTF) tests and from FLECHT-SEASET 
tests. The applicability of these tests was evaluated by analysis of the breadth of the data in 
terms of key correlation parameters and the density of the data in terms of the parameters for 
which the correlation is most sensitive, pressure and void fraction. A comparison of the data 
density from the simulation- and testspace over the Bromley and Forslund-Rohsenow void 
range of applicability are given in Figures 2.5 and 2.6. The experimental ranges for the key test 
parameters for each test are: 

THTF: Transient reflood tests and full height 
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404 psia e P -c 11 95 psia (typical during blowdown) 
G -c 4250 kg/s-m2 (typical during steady-state and blowdown) 
0.8 kw/ft e LHGR e 2.2 kw/ft (typical during blowdown) 

FLECHT-SEASET: Transient reflood tests and full height 
20 psia e P e 60 psia (typical reflood range) 

LHGR c.7 kw/fl (typical decay power) 
.8 ink <: flooding rate e 6 ink (approx. 20 kg/s-m2 e G e 150 kg/s-m2, typical reflood range) 

Since steady-state pressure will always be near 2250 psia, there will be a short period of time in 
which the system pressure will be above the range of applicability. However, additional 
coverage is supported through the “Evaluation of Bias” calculations using the LOFT and 
Semiscale benchmarks that show good or conservative agreement. These are integral tests 
that are initiated from full pressure conditions. 

S-RELAPS Implementation of SinglePhase Vapor Convection 

Correlation: Sleicher-Rouse 

Formulation: See Section 4.5 of Reference 3. 

Derived Range of Applicability: The Sleicher-Rouse correlation was developed for single- 
phase heat transfer for both liquids and gases over the following parameter ranges: 

0.1 e Pr e 1 O5 (0.6 e Pr e 0.9, typical for single phase water vapor) 
1 O4 e Re e 1 O6 (typical of blowdown phase, high for refill and reflood period) 

The form of the correlation is a summation of both a turbulent and laminar convection term. The 
laminar convection term is Nu(lam) = 5.0. This is below the bestestimate value of 7.86 for rod 
pitch to diameter of 1.33 (see Section 4.2 of Reference 3). 

VaIidationlAssessmentlExpanded Range of Applicability: Single-phase vapor heat transfer 
has been assessed using the 161-rod bundle FLECHT-SEASET steam cooling tests (Reference 
16, also see RAI Response 41). The range of the key design parameters for these tests is: 

Pressure = 40 psia (typical of post-blowdown periods) 
3000 e Re e 20000 (typical of reflood period) 
0.006 kW/ft e Rod Power (9’) < 0.24 kW/ft (below typical decay heat powers) 

The LOFT and Semiscale integral tests during the refill period and the separate effect 
assessments, including FLECHT-SEASET and CCTF, during the early period of adiabatic heat- 
up were used to validate single-phase heat transfer at very low flows. The range of the key 
design parameters for these tests are: 

Pressure = 20-60 psia 
0 c Re < 3000 
LHGR e.7 kw/ft (typical decay power) 

Low flows that directionally oscillate are characteristic during this period in both the tests and the 
calculations (i.e., Re will be as low as zero). In LBLOCA calculations during vessel refill, vapor 
flow rates decelerate and directionally oscillate as a result of the transition to refill. This will last 
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until the beginning of core reflood which is a period typically less than 15 s. During this unsettled 
period, core flow will likely remain turbulent; however, vapor Reynolds numbers will be low. 

In general, the S-RELAP5 results conservatively bound the measured results (higher clad 
temperatures). While the results of the assessments demonstrated that the Sleicher-Rouse 
correlation is adequate for post-blowdown periods during a LOCA (and lower Reynolds 
numbers), single-phase vapor heat transfer is treated implicitly in the evaluation of uncertainty in 
the total postCHF heat transfer (see previous section). 

S-RELAPS Implementation of Radiation 

Correlation: Sun (for rod-to-fluid, based on Stephan-Boltzman) 

Formulation: See Section 4.8 of Reference 3 

Derived Range of Applicability: The Stephan-Boltzman correlation was derived to be 
generally applicable for radiation calculations. Radiation heat transfer in S-RELAP5 is limited to 
rod-to-fluid phenomenon. The key addition of the Sun correlation is the development of 
separate emissivities for vapor and liquid droplets. Since radiation is a relative small contributor 
to heat transfer, this model is not inwked until rod temperature is both above 650 K and the 
steam temperature. 

Validation/Assessment/Expanded Range of Applicability: Since radiation is such a small 
component to total heat transfer, this model has not been explicitly assessed by separate effects 
tests; however, this model is activated in the majority of assessments presented in the 
S-RELAP5 Code Verification and Validation document (Reference 15). This includes both the 
THTF and FLECHT-SEASET test suites used to derive the post-CHF total heat transfer 
uncertainty. 

Table 2.5 provides a comparison of the simulationspace (taken from Table 2.3) and the range 
of applicability evaluated for the assessmentspace for the film boiling correlation. (Note: the 
assessment-space includes three components as previously described: the test conditions used 
in correlation development, relevant uncertainty analysis, and integral-effects validation.) 

Time Period: Refill (20 s - 32 s) 

During the refill period, the RCS has nearly depressurized and the core region is devoid of 
coolant. Heat transfer in the core is almost all from single phase vapor. As previously stated, 
single phase vapor heat transfer is predicted using the Sleicher-Rouse correlation. The core 
conditions during this time are consistent with both the derived range of applicability and the 
FLECHT-SEASET steam cooling tests. While post-CHF total heat transfer is a statistically 
treated parameter, there is no bias or uncertainty applied when void fraction equals 1 .O. As 
assessed from the FLECHT-SEASET steam cooling tests, the Sleicher-Rouse correlation is 
slightly conservative relative to the data. Analysis of the "Evaluation of Bias" integral tests 
assessment cases support this finding. 

Since the single-phase vapor heat transfer is a component of film boiling, refer to Table 2.5 for a 
comparison of the simulationspace (taken from Table 2.3) and the range of applicability 
evaluated for the assessmentspace for the Sleicher-Rouse single-phase vapor heat transfer 
correlation. 
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Time Period: Reflood (32 s - Quench) 

By this time, RCS pressure has established some equilibrium with the relative low pressure 
containment. ECCS coolant from the accumulator begins to reach the lower portions of the core 
and a definite two-phase mixture is present throughout the core region. With the constant 
supply of coolant, a quench front is established at the bottom ofthe core that slowly moves 
upward. At some point the coolant supplyfrom the accumulator ends and core heat removal 
relies solely on that provided by the low pressure injection system. This may result in a late 
reflood heat up. Nonetheless, in time this supplyof coolant will be able to completely quench all 
the fuel rods in the core. 

For the duration of this period, the heat structure nodes with the highest temperatures are 
removing heat by film boiling. Table 2.5 provides a comparison of the simulationspace (taken 
from Table 2.3) and the range of applicability evaluated for the assessmentspace for the film 
boiling. This period ends with the fuel rod quench, which will occur shortly after meeting the 
conditions for transition boiling. 

S-RELAPS Implementation of Reflood Heat Transfer 

Correlation: All 

Formulation: See Section 4.12 in Rekrence 3. 

Derived Range of Applicability: Refer to the discussion on the suite of heat transfer 
correlations presented in this RAI response. 

Validation/Assessment/Expanded Range of Applicability: When core reflood is enabled in 
S-RELAP5 (provided in the input model), a heat transfer regime profile covering the entire 
boiling curve is established along the modeled heat structure. Proceeding from the bottom of 
the core, this will be single-phase liquid and/or nucleate boiling, transition boiling, and single- 
phase vapor and/or film boiling. The same heat transfer correlations apply that would apply 
otherwise; the only major difference is the forced mapping of the heat transfer profile that keys 
on the calculation of CHF wall temperature from the Zuber CHF correlation. 

The uncertainty and bias for the total postCHF heat transfer includes data from THTF and 
FLECHT-SEASET simulations that modeled reflood heat transfer. This expanded range of 
applicability was presented previously in the discussion on film boiling. 

S-RELAP5 Implementation of Transition Boiling 

Correlation: Modified Chen 

Formulation: See Section 4.6 of Reference 3. 

Derived Range of Applicability: Chen reports the ,allowing parameter ranges 
correlation was assessed: 

which the 

61 psia < Pressure (P) < 2830 psia 
1.221 XI O4 Ibm/hr-ft2 < G < 2.22~1 O6 Ibm/hr-ft2 (0.143 kg/s-m2 < G < 26.0 kg/s-m2, approx. 
0-1 .O ink  reflood rate) 
1 .O7x1O4 Btu/hr-ft2 < Heat Flux (9”) < 5.236 x106 Btu/hr-ft2 (approx. LHGR < 13.5 kW/ft) 0 
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ValidationlAssessmentlExpanded Range of Applicability: In general, the application of the 
modified Chen correlation is within the range of applicability; however, system pressures will 
likely be lower than the 61 psia used in the derived range of applicability. In limiting RLBLOCA 
simulations (high clad temperatures), the PCT sensitivity to transition boiling is minimal. This is 
because the location of PCT in these limiting cases is wll above the quench plane (see Figures 
2.1 and 2.3). Once heat transfer moves into the transition boiling regime, the feedback from the 
cooler cladding temperature enhances heat transfer rapidly and within only a few seconds heat 
transfer moves into the nucleate boiling regime. Considering the distance betwen the quench 
location and the PCT location, heat transfer below the quench front has little direct influence on 
PCT. 

Indirectly, the quench phenomenon does enhance liquid entrainment which may influence PCT. 
This implies that the timing of quench is more important than transition boiling heat transfer. For 
this reason, a Tmin model defining the transition from film boiling to transition boiling is used in 
S-RELAP5. For RLBLOCA applications Tmin [ 
FLECHT-SEASET test 31302 which was performed at a pressure of 40 psia, a peak power of 
0.7 kW/ft and a flooding rate of -75 kg/s-m2. This is a very conservative value (see Reference 
15). Examination of the integral test validation problems presented in Reference 15 (LOFT, 
CCTF, and Semiscale) provides evidence of this conclusion. 

1. This value was derived using 

Table 2.6 provides a comparison of the simulationspace (taken from Table 2.3) and the range 
of applicability evaluated for the assessmentspace for the Modified Chen transition boiling 
correlation. (Note: the assessmentspace includes three components as previously described: 
the test conditions used in correlation development, relevant uncertainty analysis, and integral- 
effects validation.) 

Time Period: Long Term Cooling (Quench - End of Simulation) 

This period is characterized by single-phase liquid convection or nucleate boiling. Peak clad 
temperatures are not influence by this condition. Calculations are terminated after whole core 
quench. 

S-RELAPS Implementation of Nucleate Boiling Heat Transfer 

Correlation: Chen 

Formulation: See Section 4.3 of Reference 3. 

Derived Range of Applicability: The Chen correlation is based on several datasets with a 
broad range of applicability. A discussion of the applicability range of the datasets is provided in 
Reference 19. The pressure range included in the derivation of the Chen correlation extends up 
to about 510 psia. 

ValidationlAssessmentlExpanded Range of Applicability: Since nucleate boiling is not 
considered to have a significant influence on clad temperatures, no formal assessment has 
been performed. S-RELAP5 has been assessed for the few high pressure boil-off tests 
presented in Reference 15; however, the focus of these other tests is the more dominant film 
boiling phenomena. 

Table 2.7 provides a comparison of the simulationspace (taken from Table 2.3) and the range 
of applicability evaluated for the assessmentspace for the Chen nucleate boiling correlation. 
(Note: the assessmentspace includes three components as previously described: the test 
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conditions used in correlation development, relevant uncertainty analysis, and integral-effects 
validation.) 

Summary 

A discussion has been presented on the mapping of heat transfer regimes to the chronology of 
the limiting LOCA calculation. It has been emphasized that postCHF heat transfer has the 
dominant influence on clad temperatures. In addition, among the postCHF heat transfer 
mechanisms, heat transfer to single phase vapor provides the primary heat sink for fuel rods. As 
has been presented, individual correlations have been programmed into S-RELAPS; however, 
during a LBLOCA calculation multiple correlations will be employed simultaneously to calculate a 
total heat transfer during post-CHF conditions. In addition, correlations for interfacial 
phenomena will also influence this calculation. For this reason it is the superposition of these 
individual correlations that becomes the postCHF heat transfer correlation in S-RELAP5. The 
pedigree of this “correlation” must rely on the range of applicability of the individual correlations; 
the expanded range of applicability provided by the uncertainty analysis using the THTF and 
FLECHT-SEASET datasets and the RLBLOCA analysis methodology; and the “Evaluation of 
Bias” calculations used to validate the calculated uncertainty bias. Discussion on the details of 
this work has been provided in the methodology document (Reference 2), the S-RELAP5 Code 
Verification and Validation document (Reference 15), and this RAI response. 

Table 2.8 presents a collective summary of the coverage of the assessmentspace provided in 
the discussion of the heat transfer regimes (including data provided in Tables 2.4-2.7). This 
includes the derived range of applicability, the expanded range of applicability based on 
statistical treatment (the uncertainty analysis), and code-todata comparisons. In general, the 
FLECHT-SEASET and THTF test-spaces, used to expand the range of applicability, encompass 
the original derived range of applicability. Nonetheless, betwen the range of applicability of the 
correlations and the uncertainty analysis, some holes still remain. To account for holes, a 
number of integral test simulations *re performed and are presented in References 2 and 15. 
The integral tests, including LOFT, CCTF, and Semiscale, provide the largest coverage of the 
assessment-space; that is, they were performed at conditions typical for LBLOCA. The 
demonstration of good agreement among these validation cases sufficiently completes the 
assessment-space and the assessmentspace provides sufficient coverage over the simulation- 
space. 

For certain nuclear power plants, aggressive containment cooling mechanisms exjst to rapidly 
lower containment pressure to atmospheric or subatmospheric conditions. No useful test data 
exists for this range, but no new phenomena are expected as a result of the lower pressure. 
The dominant LBLOCA phenomena strongly dependent on pressure, steam binding and 
downcomer boiling, will be enhance by lower pressures. Nonetheless, the dynamics of these 
phenomena are dependent on steam and water properties; hence, the uncertainty associated 
with low pressure conditions is that associated with the water property tables applied. S- 
RELAP5 incorporates the 1967 ASME steam tables. Uncertainty is reported there to be within a 
very tight tolerance. In RLBLOCA analyses containment back pressure is conservatively derived 
by using a hypothetical worst single failure and by statistically ranging containment volume (see 
RAI #26). 
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Table 2.1 Final PlRT for PWR LBLOCA (Core Heat Transfer Only) 

1 core DNB 7 - - 
Post CHF 

Rewet 

Reflood HT plus Quench 

Nucleate Boiling 

8 8 9 
8 6 - 

9 
4 2 2 

- - 

Table 2.2 Summary of Heat Transfer Regimes 
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Table 2.3 Identification of Heat Transfer Parameters During a 
Limiting LBLOCA Simulation r 



Table 2.4 Simulation- and Application-Space for CHF r 

Table 2.5 Simulation- and Application -Space for Film Boiling Heat Transfer 
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r Table 2.6 Simulation- and Application -Space for Transition Boiling Heat Transfer 

Table 2.7 Simulation- and Application-Space for Nucleate Boiling Heat Transfer (late reflood) 

NRC:02:062 
Attachment 1 

Page 14 



N RC:02:062 
Attachment 1 

Page 15 

12 

- 

r Table 2.8 Summary of Full Range of Applicability 

2000.0 

- 1500.0 
k 
2 

2 
a 

I- 

3 
c 

a 

f 
1000.0 

500.0 
0.0 

PCT Independent of Location 
With Heat Transfer Map 

I 

~ 0 - CHF (time=0.03) 
1 - High Pressure Film 
2 - I-phase Vapor 
3 - Low Pressure Film 
4 -Transition 
5 - Nucleate _I 4 5  

100.0 200.0 300.0 400.0 
Time (s) 

Figure 2.1 Heat Transfer Map for PCT Node Independent of Location for 
%LOOP Sample Problem 
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r 

Figure 2.2 Corresponding Heat Transfer Coefficient at PCT Node (Node 33) 
for &LOOP Sample Problem 
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- 0 - CHF (tirne=0.03) 
1 - High Pressure Film 
2 - I-phase Vapor 

I I 

Figure 2.3 Heat Transfer Map for PCT Node lndependet of Location 
for 4-LOOp Sample Problem 

I I 
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r 

Figure 2.4 Corresponding Heat Transfer Coefficient Near PCT Node (Node 33) 
for 4-Loop Sample Problem 
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r 

Figure 2.5 Comparison of Density of Pressure and Void Fraction for the LBLOCA 
Application (left) and the Test Data (right) in the Modified Bromley Region 

r 

Figure 2.6 Comparison of Density of Pressure and Void Fraction for the LBLOCA 
Application (left) and the Test Data (right) in the Forslund-Rohsenow Region 
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Question 3: Subroutine CHFCAL has the ICHF options foreither Biasi and Zuber (ICHF=O), or 
the Extended Biasi (ICHF=l). EMF-CC-O97(P), Rev. 7, page 7-2 also mentions the option for 
the Extended Biasi and choosing this will use the correlation for all flow conditions. Howver, 
EMF-2lOO(P), Section 4.4 does not mention the “Extended Biasi, but the Biasi and Zuber 
correlations. There is also a note that the Biasi corelation is not used forG c 100 kg/n?s. Is 
this Biasi correlation the “Extended Biasi”? 

Response 3: The Extended Biasi (ICHF=I) is only used in the steam line break methodology for 
the steam generator secondary side to provide a conservative heat transfer treatment. The 
option is not applied to RLBLOCA, SBLOCA, and otherchapter 15 non-LOCA methodologies. 
It is an oversight that a description of the Extended Biasi is not included in EMF-2100. The 
Extended Biasi option uses only the Biasi correlation for CHF calculations under all flow 
conditions. With the Extended Biasi, the mass flux, G, in the Biasi correlation is set to [ 

I .  
Question 4: Subroutine CHFCAL appears to contain the Mdified Zuber CHF correlation 
beginning at 300. Line 300 and its uncomented continuation, and Equation 4.32 of E W -  
2100(P) appear to match up if MHTCHF is equal to F. However it does not appearthat was the 
intention given the code Mich follows. 

Question 4a: What are MHTCHF and XBlASl and Mere do they come from? 

Response 4a: MHTCHF and XBlASl are RLBLOCA uncertainty analysis multipliers for the 
modified Zuber and the Biasi CHF correlation, respectively. The default value for all multipliers is 
1 .O. The multipliers are for RLBLOCA sensitivity studies and statistical analyses. The input 
formats for the multipliers are described in Section 2.9 (Page 24)  of EMF-CC-O97(P), Rev.7. 

Question 4b: The second option forF in Equation 4.33 of EW-2100(P) is similar but different 
than the first uncommented line after what appears to be the modified Zuber CHF correlation. 
Please clarify the differences and the apparent absence of the fist option for F (commented out 
on the second continuation line after300?). 

Response 4b: [ 
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Question 4c: The 3 lines of coding before the last END IF of submutine CHFCAL appear 
similar but different than the linearintetpolation formass flux between I00 and 200 kg /ds  of 
Equation 4.34 of EMF-2100. Please explain the apparent differences between the coding and 
the code manual documentation. 

Response 4c: The interpolation scheme was modified in the S-RELAP5 code version for the 
proposed RLBLOCA methodology. It is an owsight that the change did not get in EM-2100. 
The interpolation scheme is for smoothing the transition between two correlations. The new 
scheme places more weight on the modified Zuber correlation in computing the CHF in the 
transition region. 

Question 4d: Parameter HTHDMO(LS) appears to be in units of meters given the logic 
question: IF (HTHDMO(LS) .LT. 0.01DO) THEN in the Biasi correlation coding. Howver, the 
next line multiplies HTHDMO(LS) by 100 possibly to convert to meters from centimeters before 
raising it to the “n” power (either 0.4 or 0.6 based on the conditions on page 4-12 of EMF- 
2100(P)). The documentation states that the hydmlic diameter is in units of cm and is not 
multiplied by 100 in either Equation 4.28 or 4.29. Please clarify. 

Response 4d: As stated on page 4-1 2 of EMF-21 OO(P), the hydraulic diameter in Equations 
(4.28) and (4.29) is in units of centimeters (cm). The equations have not been changed to be in 
the Standard SI units generally used by S-RELAPS. The variable HTHDMO, which holds the 
value of hydraulic diameter, is in units of meters (m). In the expression IF (HTHDMO(LS) .LT. 
0.01 DO) THEN, 1 cm is converted to 0.01 m to be compared with HTHDMO. In computing the 
CHF, HTHDMO is multiplied by 100 to be in units of cm, for use by the equations for the Biasi 
correlation. 

Question 4e: Is the mass flux parameter “G” brought into the CHF calculation in units of 
g tdcds ,  or kg/ds? 

Response 4e: The mass flux G, is in kg/m2s. 

Question 4 f  Clarify why MMimums and MlNimums are taken throughout the subroutine 
CHFCAL. How does this affect the uncertainty of the CHF value? Forexample, if ICHF=l and 
G=20 kg/ds,  G is changed to I00 kg/m?s since the Biasi correlation is not used for G4OO 
kg/ds.  However, Biasi is used when the ICHF ovenides that applicability where the Zuber 
correlation should be used. This also OCCUIS if G is 120 kg/ds and ICHF=l. It does not appear 
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that the interpolation on the mass flux with the Biasi and Zuber correlations will not be 
implemented as described in the documentation. Is this Biasi correlation the Extended Biasi? 
Where did the parameterXBlAS1 come from? 

Response 4 f  The MAX and MIN are generic FORTRAN Intrinsics. They are used in S- 
RELAP5 in two ways: (1) to set physical limits and (2) to combine IF-THEN statements, as 
demonstrated in the Question 4b responses. The multipliers for the uncertainty analysis are 
applied after the MAX and MIN functions are applied; therefore, their effects are taken into 
account implicitly. As described in the response to Question 3, the option ICHF=I , which is 
called the Extended Biasi, is not used in the proposed RLBLOCA methodology. The 
interpolation scheme is described in the response to Question 4c and XBlASl is discussed in the 
response to Question 4a. 

Question 5: In the Sleicher and Rouse heat transfer correlation, please clarify how the coded 
parameter XTF in subroutine DITTSG matches the documentation of Equation (4.36) in EMF- 
2100, P. 4-15. 

Response 5: XTF corresponds to the factor: 

The coding uses conversion from common logarithm (log,,) to natural logarithm (In): 

InX - 0.25 
In 10 In10 

log,, X1” = 0.25- - -1nX = 0.10857361nX 

LOG is the FORTRAN generic function for In. 

Question 6: Account for the VOlDG term which appears in the coding for the natural convection 
term but does not appear in the documentation. 

Response 6: The text below Equation (4.44) will be modified as follows: “The heat transfer 
Coefficient, h,, is given in Equation (4.35) with the natural convection heat transfer coefficient of 
Equation (4.37) multiplied by a void fraction factor to approximately account for the effective 
vapor area.” 

Question 7: Please clarify what is meant by, “The equation is independent of the characteristic 
length due to the 1/3 power dependency of the Grashof number given in Equation (4.35). ” 
Equation (4.35) gives the heat transfer coefficient as the MAX of the Sleicher Rouse and the 
natural convection heat transfer coefficients with no mention of the Grashof number. (Pages 4- 
14,15 of EMF-27 OO(P), Rev. 4) 

Response 7: The reference to Equation (4.35) is incorrect. The reference should be to 
Equation (4.37). Equation (4.37) is equal to Equation (4.7) with the definition of Grashof number, 
Equation ( 4 3 ,  inserted into the equation and with the subscript f (for liquid phase) changed to g 
(for vapor phase). The Grashof number contains a factor Di and (D,3)1’3 /D, = 1. 
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Question 8: The documentation on Page 4-15 of EMF-2lOO(P), Rev. 4 includes the addition of 
radiation heat transfer from the wall to the single phase vapor fluid if the sulface temperature is 
greater than 650K. Identify Mere this is accounted forin the code. 

Response8: [ 

1 

The coding is for heat transfer coefficient and is Equation (4.59)of EMF 2100(P) divided by (T,- 
Tg). 

Question 9: It appears that a modified Dittus-Boelter correlation or the Sleicher and Rouse 
correlation is chosen based on the IF statemnt: 

IF (IAND(IDNGAP(2,lH),256) .NE. 0) THEN.. . .. .modified (?) Dittus-Boelter else Sleicher 
Rouse. 

Question 9a: Please clarify why in the documentation of Page 4-14 of EMF-ZlOO(P) the 
Sleicher Rouse correlation is said to be selected because it has a smller uncertainty than the 
Dittus-Boelter correlation, but in the code, the IF statemnt results in a choice betwen the t w .  
Please clarify the meaning of the IF statemnt. 

Question 9b: The DittusSoelter heat transfer correlation coded in the DITTSG submutine does 
not appear to be the same as that documented in Equation (4.76) of EMF-2lOO(P). Please 
clarify the differences. 

Response 9, 9a, and 9b: The Dittus-Boelter correlation was used in the past for the approved 
methodologies using ANF-RELAP (RELAPS/MOD2 with limited improvements) and is no longer 
used in any approved or proposed methodology based on S-RELAPS. The coding was used to 
assess the effects of changing the correlation in the transition from the ANF-RELAP-based 
methodologies to the SRELAP5-based methodologies. The integer 256 (=2*=2'-') corresponds 
to the binary number 100000000. The "1" in the gth digit can only be set by the user, as 
described in Section 7.2.6 of EMF-CC-O97(P) Revision 7, to purposely select the Dittus-Boelter 
correlation. Section 7.2.6 of EMF-CC-O97(P) clearly states that the input card should be used 
for code verification purposes only. At the present, there is no use for the vapor phase Dittus- 
Boelter correlation. Ideally, it should have been removed, but in practice, there always are some 
leftovers of previously used coding. This can have an advantage of easy restoration of old 
models in the future if necessary. 
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The Dittus-Boelter correlation used in the DITTSG subroutine is in the same form as Equation 
(4.16) of EMF-21OO(P) with liquid properties changed to vapor properties. The difference is in 
the(forced) laminar flow Nusselt number, which is not part of the Dittus-Boelter (forced) turbulent 
convection correlation. The laminar flow Nusselt number is 7.86 for liquid and 4.36 for vapor. 

Question 10: The ‘nature’ convection correlation coding of subroutine DIPTUS includes: 
H TCOEF = MAX(HMA C, 0.59DO*(PRGR) **O. 25DO*PRGR*COHDM/TERM) 
which occurs if PRGR is less than the Reynolds number squared. Please identi& the discussion 
of this in the documentation of EMF-2100, or include it as needed. 

Response 10: “Nature” is a typo in a FORTRAN comment statement. The coding is not 
discussed in EMF-21 OO(P) but in an ANF-RELAP SDR (Software Development Record). It was 
added in an attempt to smooth the transition between the forced convection correlation and the 
natural convection correlation. Because of the use of MAX function, its effect is minimal. 
Discussion of the coding will be added to EMF-21OO(P). 

Question 1 1 : Is the modified Bromley from the documentation (EMF-2100, Rev. 4, P. 4- 18) the 
same as the Bromley correlation of the FILMBL subroutine? 

Response 11: Yes. The constant CB in the coding represents 

r 
and is given a data value of 0.92163 in the code. 

Question 12: Please describe how the intevolation of the last line of FILMBL is the same as 
Equation 4.50 of EMF-2 1 OO(P), Rev. 4, P 4- 19. 

Response 12: The coding for Equation (4.50) along with Equation (4.51) of EMF-21OO(P), Rev. 
4 is 

r 
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Question 13: Please include < 2 in the documentation description above Equation 4.50 of 
EMF-2lOO(P), Rev.4, P 4-19 to describe use of the Forslund-Rohsenow and modified Bromley 
correlations if that was the intent as coded. 

Response 13: To be precise, I or 2 should be used for one of the two branches of < and > in 
order to have complete consistency with the coding. However, other than to avoid dividing by 
zero, the coding can go either way, depending on personal preference. Numerically, exact 
equality hardly occurs unless due to an assignment statement; therefore, it really does not 
matter in which branch the equality is placed. 

Question 14: Please explain why in the code the BROMLEY correlation is calculated for a void 
fraction less than or equal to [ 
calculated for a void fraction greater than or equal to [ ] as documented in EMF- 
2100(P), Rev. 4, Page 4- 19. The void fractions appear consistent with the documentation 
beginning at line 208. 

1, and the FORSLUND-ROHSENOW is 

Response 14: The heat transfer coefficient values from the two correlations are quite different in 
magnitude. It is necessary to have a transition region to bridge the two correlations. It is also 
necessary that the two correlations be calculated at the boundaries of the transition region to 
facilitate the interpolation; otherwise, there will be no heat transfer coefficient values at void 
fractions between [ 1. As the void fraction is selected as an interpolation parameter, 
the transition boundaries are defined at the void fraction of [ 
ROHSENOW correlation is explicitly dependent on the void fraction and the void fraction is set 
at [ 

1. Only the FORSLUND- 

] in the transition region calculation. 

Question 15: What does CFR, the first term in HDF, account for in the Forslund-Rohsenow 
correlation ? 

Response 15: [ 1 

and assigned a value of 0.4515 in the code. 

Question 16: In the “NATURE convection correlation, HMAC is defined if (PRGR. LT. TERM) as 
the [ 

1, which appeared similarly in subroutine DITTUS, 
which the staff hasn’t yet found described in the documentation. 



N RC:02:062 
Attachment 1 

Page 27 

Response 16: See responses provided for the DllTUS question (Question 9) and the next 
question. The Nusselt number of 7.86 is for the forced laminar flow. 

Question 17: Please include discussion of the scaling of the natural convection heat transfer 
correlations by the void fraction in the PREDNB submutine by COHDMF=COHDM* VOIDF. 

Response 17: Natural (or free) convection heat transfer comes from the motion of fluid due to 
density changes caused by the heating process under gravity force (or body force) conditions. 
Natural convection heat transfer is negligible in comparison with other heat transfer processes, 
except for the laminar (forced) flow convection. The coding of natural convection is copied from 
Subroutine DllTUS to Subroutine PREDNB to provide continuity in the bordering region for 
numerical reasons rather than for physical reality. It is trivial to use liquid fraction and void 
fraction to weight the contribution from liquid and from vapor under two-phase conditions. The 
natural convection heat transfer is not treated as additive, but as a ‘‘floor value,” i.e., the lowst 
possible value; therefore, its accuracy is not greatly important and a crude approximation to 
extend it to two-phase is acceptable. In any case, the natural convection heat transfer for liquid 
is negligibly small compared with the nucleate boiling heat transfer, it does not matterwhat form 
of natural convection is used to supply a reasonable “floor value.” Additional discussion of 
natural convection will be added to the code manual ErUF-21OO(P). 

Question 18: Please explain why the suppression factor is coded to be 0.0797 if the ReTP270 
instead of 0.1 as documented in Equation 4.21 of EM-21 OO(P). 

Response 18: The upper limit of ReTP (i.e., maximum value) is 70. Substituting 70 for ReTp in 

[ 1 + 0.42 Re;,?]-’ 

yields 0.0797. The coding is correct. The value in the document (EMF-21OO(P)) is a rounded- 
off number. 

Question 19: What is the ICHF=2 option, and where is that described? 

Response 19: ICHF=2 is for the Framatome ANP XNB correlation, which was installed and 
removed. The statement 

IF (ICHF.EQ.2) GO TO 314 

was a leftover. It should have been removed along with the XNB correlation coding, but it is 
harmless, since the model for ICHF = 2 is no longer in existence. To avoid confusion, the 
statement will be deleted in a future code revision. 

Question 20: Many of the test programs used in the assessment of S-RELAP5 inherently 
incorporated radiation heat transfer between hot rods and colder components. Please discuss 
and justify exclusion of a specific radiation heat transfer model in the Framatome-A NP 
RLBLOCA methodology. Include in the discussion the manner in which the methodology 
accounts for radiation heat transfer during those portions of the analyzed event for which 
radiation heat transfer would be expected to play a significant tole. Also discuss and justify 
known compensating errors introduced in the methodology that account for this effect. 
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Response 20: The exclusion of rod-to-rod and rod-to-wall radiation heat transfer was a decision 
that came out of the Framatome ANP PIRT-development team. When ranked in importance to 
other core heat transfer phenomena, radiation heat transfer was judged to be negligible for all 
phases of the PWR LBLOCA problem. For that reason it was not included in the methodology 
PIRT. S-RELAP5 does consider rod-to-fluid radiation heat transfer. This is the largest 
component of radiation heat transfer occurring in the core since the temperature differences are 
the largest. Since no effort was made to separate the influence of radiation heat transfer in 
filtering test data, radiation heat transfer is implicitly treated in the uncertainty analysis for film 
boiling heat transfer. The development of any post-CHF heat transfer correlation will contain a 
degree of compensating error because it is difficult, if not impossible, to separate the influences 
such as fluid state, --phase flow regime and interfacial drag. Nonetheless, for statistically 
treated parameters the issue of compensating error is considerably less important because the 
model error is captured in the application of the statistics in the final analysis. 

In addition, the following three points should be made: 

Point 1 : There are many factors that cause variation in the observed temperatures and 
heat transfer coefficients in reflood tests. Consider the variation in temperature at the 
midplane of FSS-31504. For test 31 504, the temperature profiles for several rods at elevation 72 
inches are shown in Figure 20.2. Prior to the adiabatic heatup, the radial temperature 
distribution already has a variation of 10 K (-80 sec). The temperatures at this time are 
sufficiently small that the radiation heat flux may be assumed to be negligible. The heat transfer 
due to convection is also very small because the flow rate is nominally zero (steam pre-heat has 
been terminated and reflood has not been initiated). The test is initiated with an adiabatic 
heatup that begins at approximately -85 seconds and ends at 0 seconds. Notice that at the end 
of this adiabatic heatup, a period when convective heat transfer rates should be very small, there 
is considerable variation in the radial temperature distribution, with the maximum difference on 
the order of 43 K. This difference is caused by several factors, including 

Variations in rod to rod electrical resistivity causing slightly different power and therefore 
different deposited energies (-0.5%). 

Boron nitride rod to rod property variations in thermal conductivity (10% uncertainty), density 
(3% uncertainty), and specific heat (5% uncertainty). 

Variation in SS-347 properties of density (1 % uncertainty), thermal conductivity (3% 
uncertainty), and specific heat (3% uncertainty). 

Uncertainty in the temperature measurement (- +5 K uncertainty). 

Effects of rod to rod radiative heat transfer (effects reduced by not considering rods in outer 
two rows, see Figure 1). 

Each of these items contributes to the variation in measured heat transfer coefficients and to the 
uncertainty that is applied. At the time the tempeature is near the peak in each rod at the 
midplane (77 seconds), the maximum observed temperature is 1388 K and the minimum is 1305 
K, a difference of 83 K. In addition to the abow causes for variation in temperature, the 
following factors contribute to variation after the onset of reflood: 

Subchannel to subchannel variation in the steam flow rate 
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0 Variations in the void fraction caused by subchannel variations 

0 Variations in droplet size and velocity 

0 Variations in local pressure 

0 Oscillations in the local flow rate 

0 Variations caused by non-uniform spacer interactions with droplets and with steam flow 

0 Variations caused by minor rod bow, causing asymmetries between adjacent subchannels 

Inaccuracies caused by rod thermal expansion 

Quenching effects on the rod power through changes in resistivity that cause a redistribution 
of the rod power 

The conclusion is that rod to rod radiative heat transfer is but one of many different factors that 
affect the PCT observed in reflood tests. 

Point 2: The code’s package of equations and relations that compute the film boiling 
regime multiplier in dispersed flow produce a total effective film boiling heat transfer 
coefficient - one that includes the effects of conduction, convection, and radiation. The 
total effective heat transfer model is adjusted, thmugh the development of the multiplier, to 
provide a reasonable estimate of the total effective heat transfer for the FLECHT-SEASET and 
THTF experiments. The adjusted model implemented in SRELAP5 is then benchmarked and 
validated against the measured data and provides a very good estimate of the total effective 
heat transfer coefficient. The quality of that estimate is defined by the uncertainty obtained from 
the fit to the FLECHT-SEASET and THTF data. 

The measured data used to qualify the model includes all of the mechanisms of heat transfer - 
radiation, convection, and conduction, between the participating components. Each data point 
or thermocouple measurement represents the thermal state of a specific rod, at a specific 
elevation, and at a specific azimuthal location. For a rod that is adjacent to a thimble, some of 
the thermocouples will have a view factor relative to the cooler thimble and the remaining 
thermocouples will see only heated rods. Thus, the adjusted model has been dewloped using 
data which has differing rates of rod to rod radiation heat transfer between hot and cold 
surfaces. 

In conclusion, the multiplier adjusts the S-RELAP5 total effective heat transfer model to agree 
with the FLECHT-SEASET and THTF data, and the calculated uncertainty accounts for the 
degree of fit of the adjusted model to the data. In the actual plant analysis, the uncertainty is 
applied and will account for the observed variation between the adjusted model with the 
multiplier and the measured data. The rod to rod radiation is implicitly accounted for. 

Point 3: The adjusted S-RELAP5 film boiling heat transfer model is appropriate and 
correct. The need for the multiplier and the consequent impmvement in the prediction of 
temperatures is illustrated clearly in Figure 20.3 and Figure 20.4. These figures present the PCT 
by axial elevation for the two hottest CCTF tests assessed with S-RELAP5. Note that this data 
was not used in the development of the film boiling heat transfer multiplier and provides an 
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independent check of the multiplier. The temperature is clearly over-predicted when the 
multiplier is set to the nominal wlue of 1 .O, indicating that the total flm boiling heat transfer 
model needs to be adjusted. When the multiplier is set to 1.75, as determined from the 
FLECHT-SEASET and THTF tests, the agreement between the measured temperature and the 
calculated temperature is significantly improved, with the S-RELAP5 model still remaining 
slightly conservative. 

It is also important to note that in this test thee are significant differences in powers between 
assemblies and thus rod to rod radiative heat exchange. Yet the model implemented in S- 
RELAP5, and adjusted to appropriate data, provides a good estimate of the heat transfer 
coefficient, and therefore a good estimate of the peak clad temperature. 

Conclusion: The film boiling heat transfer coefficient multiplier and uncertainty were determined 
from the FLECHT-SEASET and THTF data sets. The adjusted S-RELAP5 film boiling heat 
transfer model has been demonstrated to be correct and applicable for predicting RLBLOCA film 
boiling heat transfer by validation against the independent C C F  data set. Since the measured 
data includes all heat transfer components, including rod to rod radiation, the model validation 
addresses this effect. 
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Figure 20.1  FLECHT-SEASET Rods Used for Film Boiling Multipliers 
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Figure 20.2 Temperature Distribution at 72 in Plane (FSS-31504) 
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Figure 20.3 PCT by Axial Location (CCTF-62) 
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Question 21 : Please explain and justify the basis forchoosing the Forslund-Rohsenow 
correlation for void fractions [ 
flow film boiling. Since the Bromley correlation can result in high heat transfer coefficients during 
dispersed flow, extrapolating the Bromley correlation between [ J can result in 
applying extrapolated H TCs over large regions of the bundle. Please justify this extmpolation 
range and show that it does not influence the heat tmnsfer coefficient at ornear the PCT 
location. 

J and the Bromley at [ J for dispersed 

Question 22: The Forslund Rohsenow correlation for dispersed flow film boiling consists of a 
droplet wall contact model developed for low quality, high mass flux conditions in a small 
diameter tube. The model is applicable only to a small localized region just above the quench 
front, where the wall temperatures are below the rewet temperature. Physically, the droplet wall 
contact begins at the inverted annular regime and increases through to the agitated inverted 
annular regime where the effect is at a mximum due to either high turbulence or some possible 
droplet wall contact. Downstream of the agitated region, this droplet wall contact affect 
decreases rapidly and becomes non-existent once the highly dispersed flow region develops. 
The computed heat transfer multiplier of [ J indicates that the correlation may not present a 
true best-estimate representation. Since the Forslund -Rohsenow correlation is highly 
dependent on void fraction, over-estimation of the entrainment can propagate large errors into 
the heat transfer during reflood. 

Response 21 and 22: In S-RELAPS, the film boiling heat transfer is modeled as described in 
EMF-2100, Sections 4.64.9. No single correlation has been developed to effectively cover the 
range of boiling conditions in this heat transfer regime. Instead, Framatome ANP has chosen a 
suite of correlations developed from various investigations over a broad range of fluid conditions 
(see response to RAI #2). In calculating film boiling heat transfer, the individual contributors of 
heat transfer (liquid and vapor convection, radiation to liquid) are calculated independently and 
summed for the total heat transfer. Liquid convection is described by either the Bromley or 
Forslund-Rohsenow correlation, vapor convection is described by the Sleicher-Rouse correlation 
and radiation is described by the Stefan-Boltzman equation. Collectively, these correlations 
represent the S-RELAP5 model for total heat transfer under film boiling conditions. The choice of 
these correlations is based on Framatome ANP experience and the recognition of merit given by 
the thermal-hydraulics community for these correlations. 

In the development of the RLBLOCA methodology, uncertainties have been determined for 
various correlations based on their planned range of applicability. That is, in the deAopment of 
the assessment matrix various experimental assessments were selected to cover the range of a 
LBLOCA (LBLOCA-space). These assessments were then used to determine the uncertainty 
for specific code correlations over the range covered by the assessments (Test space). Thus, in 
effect extending the range of applicability of those correlations to the assessment range. For the 
Forslund-Rohsenow correlation this is discussed in some detail in the tesponse to RAI #2 
above. 

Since post-CHF heat transfer has been determined to have a strong influence on PCTs, the 
CSAU approach requires that this phenomena be treated statistically. The FILMBL and FRt 
uncertainty are actually determined for the total heat transfer, rather than just for the liquid 
convection term. This is necessary since any procedure to separate the effects of the other 
transfer mechanisms in the test data inherits an additional measure of uncertainty, thus, 
negating the value of this task. The uncertainty has been calculated as described in the 

TC 

beat 
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methodology report and the uncertainty is applied in a Monte-Carlo sense in the RLBLOCA 
analysis. Given that the total heat transfer is treated statistically, the emphasis on having perfect 
models becomes less important. The penalty of not having a perfect model is measured by the 
uncertainty derived and applied. 

The best validation of the heat transfer correlation is presented in EMF-2102. Figures 5.27 and 
5.28 present the cumulative probability distribution function applied in the RLBLOCA application. 
When a parameter is treated statistically, the derived probability distribution function becomes 
part of the correlation. In comparing the probability distribution function over the void fraction 
range treated by Bromley and Forslund-Rohsenow to the data, it is obvious that the chosen 
distributions bound the data. For the void fraction range not explicitly covered by either Bromley 
or Forslund-Rohsenow, the probability distribution function used is weighted by a smoothing 
function dependent only on void fraction. Because of the variation in void fraction, this void 
range has a large uncertainty band. Figure 21.1 below shows how the FLECHT-SEASET and 
THTF data fall between the two probability density functions. As seen from the figure the data 
falls between the two functions as would be expected. 

r 

Figure 21.1 Cumulative PDF for Interpolated Region 

With respect to the applicability of the Forslund-Rohsenow correlation for predicting wall-to-fluid 
heat transfer for dispersed flow film boiling at void fractions greater than [ 

1, Framatome ANP does not agree that the Forslund-Rohsenow correlation, as presented 
in their original paper, is applicable as only a droplet wall contact model and, thus, only 
applicable to a small localized region above the quench front. The description of the Forslund- 
Rohsenow heat transfer model is provided in the S-RELAP5 Models and Correlations document 
and by the authors in their paper entitled “Dispersed Flow Film Boiling,” presented in the Journal 
of Heat Transfer, November 1968. 

Like the Bromley expression, the form of this heat transfer expression has been derived from a 
force balance on “droplet on a [sic] hot surface in a gravity field;” however, this does not imply a 
droplet wall contact model typically associated with two-phase turbulence modeling. There is 
nothing unique in the derivation of this correlation that binds it to any more restrictive wall or fluid 
condition. The authors reference an earlier publication entitled “A Generalized Correlation of 
Vaporization Times of Drops in Film Boiling on a Flat Plate” (Reference 1) as providing this basic 
component. From this formulation, Forslund and Rohsenow translate the flat plate assumption 
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Phenomena 
Interfacial heat transfer 

to be applicable for tubes, thus providing the final form. The expressions dependency on vapor 
quality is translated to void fraction by assuming no slip. This is the form referenced in S- 
RELAP5. Before the correlation is finally applied, two parameters must first be determined: the 
correction factor K and the mean droplet diameter. 

S-RELAP5 Models and Correlation Reference 
Section 3.4.7 (Inverted Slug/lnverted Annular 

As with the correlation presented by Forslund-Rohsenow, S-RELAP5 has set K = 0.2. This 
value was experimentally derived from tests using nitrogen. As is stated in the SRELAP5 
Models and Correlations document (Section 4.7), other investigators have evaluated this 
constant to be anywhere between 0.2 and 2.0 for various fluids. The mean droplet diameter 
calculation in S-RELAP5 is evaluated somewhat differently than by Forslund-Rohsenow as 
necessitated by the calculational environment; however, both methods are constrained to the 
calculation of the critical Weber number. The Forslund-Rohsenow calculation of the mean 
droplet diameter is solved simultaneously with the drift-flux; while S-RELAPS calculates it 
explicitly since the momentum equations with interfacial drag are solved directly in the finite 
difference form u lat ion. 

Turbulence in center core due to drop flow 
Radiation heat transfer between vapor and 
droplets 
Evaporation of droplets 

Droplet breakup (non impact) 
Droplet breakup (spacer effect) 
Rod-to-rod radiation 

In addition, too much credit has been given to the role of the Forslund-Rohsenow correlation in 
the Framatome RLBLOCA methodology. As indicated in EMF-2100 a number of other models 
are provided in S-RELAPS to account for various important phenomena. Specifically, 

Flow) 
No credit taken 
Negligible to convection 

Section 2.1 and 3.4.7 (Mass transfer is an 
explicit function of interfacial heat transfer) 
Section 3.2.1 
No credit taken 
Nealiaible to convection 

Phenomena 
Liquid convection (Bromley, Forslund- 
Rohsenow) 
Single-phase vapor convection (Sleicher- 
Rouse) 

S-RELAPS Models and Correlation Reference 
Section 4.7 

Section 4.5 

As previously stated above, the primary contributors of film boiling heat transfer (liquid and vapor 
convection, radiation to liquid) are: 

Physically, fuel clad heat transfer is explicitly and simultaneously dependent on these three 
primary mechanisms. Collectiely, they form the total heat transfer correlation in S-RELAPS. 
The form of the correlation is given as 
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Framatome ANP recognizes that uncertainty could be attributed to each primary heat transfer 
mechanism as well as the seven implicit contributors to heat transfer previously highlighted. In 
addition, that this uncertainty is dependent on the assumptions associated vlith each correlation 
applied (e.g., l-D, average properties). Nonetheless, what is relevant to cladding temperature is 
the total heat transfer. This is a variable that can be measured with good-to-excellent fidelity. 
Conversely, the separation of the total heat transfer into these components is exlremely difficult, 
requires numerous assumptions, and, in general, has not been done in the complex test 
programs used to support nuclear safety research. Thus, the database to support the 
development of the individual uncertainties across the range of a LBLOCA is unavailable. 

Therefore, the most straight fotward approach is to use test data such as that ptovided by 
FLECHT-SEASET and THTF (i.e., supporting the expected parameter-space of a LBLOCA) for 
the derivation of heat transfer uncertainties. In addition, it is also correct to validate these 
uncertainties against independent test data equally supporting the parameter-space of a 
LBLOCA as presented in Section 4.3.4, “Evaluation of Code Bias,” in the RLBLOCA 
methodology document, EMF-2103. There calculations using the LOFT, CCTF, and SemiScale 
test series show that the biases, including the heat ttansfer bias, brings the estimation of clad 
temperatures in line with the test measurements. 

By ensuring (1) that the experimental data base used to deElop correlation statistics provides 
adequate coverage over its expected range of application, and (2) that the correlation 
uncertainty is supported by comparison with data not used in its generation, than in the statistical 
framework in which this correlation is applied, the uncertainties have been demonstrated to be 
acceptable. 

The above discussion addresses the majority of the points given in this RAI. With the exception 
of droplet diameters, the range of applicability and the corresponding LBLOCA parameter space 
was provided in the response to RAI #2. Dmplet diameters are constrained in the code to be 
between [ ] m. A plot of droplet diameters for the 4-loop sample problem has 
been provided in the response to RAI #123. Figure 4.208 in the RLBLOCA methodology 
document provides a scatter plot of single-phase vapor heat transfer coefficients from the 
Sleicher-Rouse correlation as a function of Reynolds number from the data originally used to 
develop the correlation. 

The heat transfer coefficients as a function of void fraction at the PCT node and the two nodes 
immediately upstream are provided in Figures 21.1 and 21.2. Note the flm boiling HTC 
approaches zero as void approaches 1 .O. This is due to Forslund-Rohsenow being dependent 
on void fraction. As void decreases, Forslund-Rohsenow increases slightly until the transition to 
modified Bromley which starts at a void fraction of [ 
fraction of [ 
scattering of total and film boiling HTCs occurring below a void fraction of [ 
boiling during the quenching process. Overall, these plots show that the heat transfer to the 
liquid is minimal in the dispersed flow regime. 

1. The transition is shallow until a void 
1, then increases rapidly to the modified Bromley at a void fraction of [ 1. The 

] is from transition 

A sensitivity study was performed to evaluate the impact of the Forslund-Rohsenhow correlation 
on PCT. Table 21.1 compares the PCT values for K= 0 and K= 0.2, where K is the coefficient 
for the Forslund-Rohsenow correlation (K=K1 K2), for the seven FLECHT-SEASET tests used in 
the derivation of the heat transfer uncertainties. Setting the coefficient K to z r o  increases PCT 
in four tests and decreases PCT in the other three tests. The maximum PCT decrease is -24 OF 
for Test 31203 with a flooding rate of 1.5 in/sec. The maximum PCT increase is +20 OF for Test 
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31 701 with 6.1 in/sec flooding rate. The average PCT change for the seven tests is -2 OF 
(decrease). The results are within the code accuracy. Thus, the calculated PCT values for K=O 
and K=0.2 can be considered as the same. It is concluded that the Forslund-Rohsenow 
correlation does not play a significant role in determining PCT. 

Table 21 .I Comparison of PCT values for the Forslund-Rohsenow 
Correlation with K=O and K=0.2 r 

Reference 1) Baumeister, et.al, “A Generalized Correlation of Vaporization Times of Drops in 
Film Boiling on a Flat Plate,” 3rd International Heat Transfer Conference and Exhibit, August 
1966. 



N RC:02:062 
Attachment 1 

Page 40 

r 

Figure 21.1 Heat Transfer Coefficient vs. Void Fraction from 
FLECHT-SEASET 31 302 Calculation 
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r 

Figure 21.2 Heat Transfer Coefficient vs. Void Fraction from 
FLECHT-SEASET 31 805 Calculation 

Question 23: It appears that the data for elevations above 8 ff in the tests used for determining 
the film boiling heat transfer multipliers were discarded during the data reduction process. 
Please discuss and justify the applicability of the film boiling heat transfer multiplier at all 
elevations along the fuel rod and for various power shapes. Include in the discussion 
justification for applicability of the film boiling multipliers for all LBLOCA phases. The discussion 
should include an explanation of why separate multipliers for the different LBLOCA phases are 
not obtained using phase-specific test data, such as THTF data for the blowdown phase and 
FLECHT-SEASET data for the reflood phase. 
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Response 23: The FLECHT-SEASET series of tests that w r e  used have cosine axial power 
shapes. During the preheat of the assembly to the initial condition, this axjal power profile 
causes the initial temperature distribution to be roughly cosine shaped also. As the super- 
heated steam transits the assembly from the bottom to the top, its tempeature rises. It is quite 
probable that by the time this superheated steam reaches the upper parts of the assembly, the 
temperature of the steam is actually hotter than the rod surface temperature and that the heat 
transfer is in the reverse direction, that is, the steam is heating the nd. Since the local steam 
temperature is not easy to measure, the reference saturation temperature is conventionally 
chosen in analytical models and in data reduction. Thus, it is not easy to determine if reverse 
heat transfer is occurring. 

The data above 8 feet in the FLECHT-SEASET data were discarded in the determination of the 
film boiling multipliers. The purpose in removing these data was to avoid the possibility of a 
model with non-physical behavior (negative or reverse heat transfer). This is not the only data 
that were removed. Also removed from consideration were data that were next to cold surfaces. 
Retaining these data would have resulted in higher measured heat transfer coefficients. The 
objective in discarding data was to ensure that the limiting md was adequately modeled with 
suitably conservative heat transfer coefficients. The method developed and applied satisfies this 
requirement. 

The film boiling heat transfer coefficient correlation is a local conditions correlation. It was 
developed using a wide range of local conditions including pressure, power, void fraction, and 
flow rates, in determining the heat transfer coefficient. In all cases, the location where PCT 
occurred is included in the data sets that w r e  evaluated. But to ensure that wide ranges of 
variables could be supported, the development included data from the bottom and midsection of 
assemblies (FLECHT-SEASET) as well as data from the upper part of an assembly (THTF). 
Explicit treatment of the axial effects was not necessary. 

We chose to not use phase specific treatment of the film boiling multipliers. This simplifies the 
code logic and avoids complications associated with determining when one phase begins and 
another ends. Provided the database on which the correlation is developed and validated 
includes data that covers both the blowdown and reflood phases, the correlation is adequate. It 
is acknowledged that by having a LBLOCA phase specific correlation, one might be able to 
reduce the standard deviation on the film boiling multiplier; however, the uncertainties that were 
obtained are reasonable. 

PlRT 

Question 24: The Fmmatome ANP PlRT is similar to the NUREGCR 5249 PIRT. This PIRT 
does not addtess the following: 

Question 24a: Relative lcoation or the hot assembly in the corn?. 

Question 24b: Uncertainty in the single phase pump performance 

Question 24c: Uncertainty in the broken nozzle k-factor 

Please clarify how these contributors are addressed in the RLBLOCA methodology. 
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Response 24: The relative location of the hot assembly is not considered a phenomenon. The 
methodology guideline specifies that the hot assembly must be modeled under a mixer vane, 
rather than an open hole. A sensitiity study was performed to address this specific issue that 
demonstrated that clad temperature calculations for hot assemblies located under a mixer vane 
or standpipe bounded those located under an open hole. 

] The RCS temperature and flow is adjusted through a 
control system acting on the pumps and steam genetator feedwater and steam flow. Relevant 
documentation on this point can be found in EMF-2054, Section 7.4.2 and Appendix A, and in 
EMF-2058. Section 6.2.2.4. 

1 An 
overview discussion on break flow treatment can be found in EMF-2103, Section 4.3.3.2.7. 
Details on statistical treatment of critical flow can be found in Section 4.3.1.8. 

It is agreed that variations in the nozzle loss coefficient will impact break flow - a PlRT 
phenomenon. In RLBLOCA analyses, break flow is varied by both a sampling of break size, 

Sensitivity to loss coefficients will only impact break flow during refill and reflood, i.e., when 
break flow is unchoked. In RLBLOCA analyses, loss coefficients at the break planes are 
assumed to be 1 .O, which is the limit of the classical abrupt area change formula for single- 
phase flow. During two-phase fluid flow conditions, the losses will be higher. Clad temperatures 
would be reduced for higher break nozzle losses as a result of less ECCS water being lost 
during the LBLOCA. Hence, using the singlephase assumption provides a conservative bound 
for the duration of the LBLOCA. 

over the full LBLOCA spectrum, [ I .  

Variations of loop resistance will also impact the PlRT phenomena break flow and, to a lesser 
extent, core flow stagnation. There is little uncertainty in total loop resistance since this 
parameter must be fairly accurate to ensure good steady-state agreement of reactor vessel and 
core pressure drops; however, a flow split uncertainty may exist that is associated with break 
configuration and/or relative break location. [ 

1 
It is agreed that if you look at a single break size and vary the loop resistances and break loss 
coefficient, a variation in PCT will be observed. However, the proposed methodology performs a 
full break spectrum. This break spectrum covers the range of possible break flow rates during 
the LBLOCA. In the Appendix K approach where the break spectrum is looked at in a 
deterministic manner, one break size and associated break flow is found to be limiting o w  the 
others. In general, this break size and associated flow produce the limiting PCT because it 
produces the longest time of flow stagnation in the core. 

The impact of including the uncertainties in the loop resistances would be to change the break 
flow rate from both sides of the break and, consequently, the total break flow rate for a given 
break size. The change in total flow rate has the same effect as varying the break size and is 
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therefore covered by performing the full break spectrum. [ 

] Thus, the flow rate from each 
side of the break is already treated statistically in the methodology. 

To demonstrate this, a suite of calculations has been performed to assess clad temperature 
sensitivity to realistic variations in loop resistances. Two specific parameters, Kpump and Knoz, 
are the focal point of the study. Two interpretations of Kpump: were considered, a form loss on 
the pump component or a modification to rated head. To be consistent with the modification of 
Knoz (a form loss), Kpump will be interpreted as a form loss. Since the base model has zero 
form losses explicitly applied in the pump (all losses captured in pump cuwes and friction 
model), the form loss modifications have been made downstream (about 12 ft) of the pump, at 
the break junction (see figure below), which has a form loss 1 .O in the base model. 

The pump resistance at rest was calculated as follows: 

Form loss forumula 

Pump at rest loss coefficient from normalized pump head curves (below) 
4 1  

-1.5 

Pump at Rest 

v/alpha 

Hr:=266.0 ft Rated pump head 

Q,:=88500 gal/min Rated pump flow 
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AA:= 9.09 ft2 Pump volume area 

K=35.06 Solution 

K(2o):=K*0.02=0.7 Form loss uncertainty 

Based on Appendix L of NUREGICR-5249, the 20 uncertainty is taken as 2%. Applying this 
uncertainty to the pump at rest resistance results in a form loss of 0.7. A secondary method of 
determining this uncertainty can be made by evaluating the form losses applied in the code 
assessment calculations provided in EMF-2102. Examination of the UPTF, Marviken, LOFT, 
and Semiscale tests produces values between 0.0 and 1.5; hence, a value of 0.7 for the 
uncertainty is consistent with how the assessments have been performed. 

Four base calculations were performed: 
a) Increase Knoz and decrease Kpump by the 20 uncertainty (Knoz = 1.7, Kpump = 

0.3). 
b) Decrease Kpump and increase Knoz by the 20 uncertainty (Knoz = 0.3, Kpump = 

1.7). 
c) Increase Knoz and increase Kpump by the 20 uncertainty (set to 1.7). 
d) Decrease Knoz and decrease Kpump by the 20 uncertainty (set to 0.0). 

Additional calculations are included to ensure completeness of the assessment. These are: 
e) Increase Knoz and increase Kpump to 5.0 
9 Increase Knoz and increase Kpump to 10.0 
g) Cd = 1.4 (Knoz = 1 .O, Kpump = 1 .O). 
h) Cd = 1.4, Increase Knoz and decrease Kpump by the 20 uncertainty (Knoz = 1.7, 

Kpump = 0.3). 
i) Cd = 1.4, Decrease Kpump and increase Knoz by the 20 uncertainty (Knoz = 0.3, 

Kpump = 1.7). 

This set of calculations will bound the expected uncertainty. 

For each calculation the following key variables are provided to support the analysis: peak clad 
temperature, heat transfer coefficient at the high powr  node, void and quality at the vessel-side 
break plane, break flow, downcomer liquid and saturation temperatures, downcomer and core 
liquid levels, and approximate reflood rate. A complete set of plots is provided at the end of this 
response. 

The table below summarizes the key parameter values and results from the base case (case 41) 
and the nine sensitivity cases. (Note: The case number is used to identify calculations in the 
figures presented in this summary). With the exception of cases 62,69-71, the PCT results are 
within 30 F of the base case results and with the exception of case 64, the base case PCT 
bounds the results of all the cases. 
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The peak clad temperature is the key measure of interest in licensing calculations and; hence, it 
is the key measure in this study. Comparisons of the base case peak clad temperature (case 
41) are made against the nine sensitiity calculations in Figures 24.1-24.3. The grouping of 
calculations in Figure 24.1 is symmetric variations of both the Kpump and Knoz loss coefficients 
so that break resistance ratio remains constant. The values range from Kpump, Knoz = 0 to 
Kpump, Knoz = 10. The grouping of calculations in Figure 24.2 is a simultaneous 
increase/decrease in form loss between Kpump and Knoz (break resistance ratio not constant). 
The grouping of calculations in Figure 24.3 is equivalent to Figure 24.2 except that the wssel- 
side break discharge coefficient is set to 1.4 in these calculations and the base case calculation 
(41) is included in the figure. 

r 

Figure 24.1 Clad temperature Sensitivity to Increasing Form Loss Variations 
on Kpump and Knoz.(Rbreak constant) 
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r 

Figure 24.2 Clad Temperature Sensitivity to 20 Form Loss Variations on Kpump and Kn,, 

r 

Figure 24.3 Clad Temperature Sensitivity to 20 Form Loss Variations 
on Kpump and Kn,, with Cd4.4  
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Analysis of the first grouping of calculations suggests the conclusion that clad tempelatures 
decrease with increasing form loss. This is driven by a reduction in coolant lost out the break. 
Because the relative amounts of liquid coolant loss are small compared to the total break flow, 
the break flow plots are not a good indication of this; however, plots of the downcomer and core 
liquid levels in Figures 24.4-24.6 do show that as the form losses increase more liquid is present 
in the downcomer. Outside these differences, the results from these cases are relatively similar. 

Figure 24.4 Downcomer and Core Liquid Level Sensitivity to Increasing Form Loss 
Variations on KPmp and Knoz.(Rbreak Constant) 
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r 

r 
Figure 24.5 Downcomer and Core Liquid Level Sensitivity 

to 20 Form Loss Variations on Kpump and Kno, 

Figure 24.6 Downcomer and Core Liquid Level Sensitivity 
to 20 Form Loss Variations on Kpump and Kno, with Cd4.4  
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Analysis of the second and third grouping of calculations suggests the conclusion that the peak 
clad temperatures are relatively insensitive to realistic variations in form loss (*2%). Comparison 
of cases 63 and 64 to the base case 41 and case 70 and 71 to case 69 showPCT variations 
< 5OF. This is well within the numerical uncertainty of S-RELAPS and statistically insignificant in 
the computation of uncertainties. [ 

quench; however, the delay in quench had no impact on clad temperatures. 
] Case 64 does show some delay to 

The general conclusion from the calculation is that the designation ofform losses provided in the 
base model is conservative with respect to clad temperatures and that realistic variations in loop 
resistances produce only a relatively minor variation on clad temperatures. 

Question 25: The orientation and location of the postulated pipe breaks are not explicitly 
addressed. Please discuss the following: 

Question 25a: The choice of break location, such as cold leg versus hot leg and hot leg both 
with and without pressurizer, and location of slot breaks, such as top, side and bottom of the 
pipe. In addition, why were other locations than those presented not considered, or if the w r e  
considered, why were they not analyzed? 

Question 25b: The smallest break size analyzed using the RLBLOCA methodology. Also 
discuss the definitions used by Framatome ANP in determining the boundaries between the 
large and small break methodologies and how is a single calculational tool such as S#ELAP5 
applicable over the entire range of break sizes. 

Response 25: The choice of break location is addressed in the methodology as part of the 
scenario specification in Section 3.1. It is stated that “For a LBLOCA, the most limiting bleak 
typically occurs in a cold leg pipe between the pump discharge and the rector vessel.’’ The 
scenario specification and the PlRT phenomena for this scenario are those associated with the 
cold leg break location. 

There are several reasons why this break location is most severe for a LBLOCA and why it was 
chosen for the scenario. (1) The cold leg break location has the lowest resistance for flow from 
the core inlet to the vessel end of the break, and the highest resistance for flow from the core 
outlet to the loop end of the break. This fact maximizes the potential for early core flow reversal 
and flow stagnation, which traps initial stored energy in the fuel and results in heatup beginning 
from a higher temperature level and ultimately higher PCTs. (2) The cold leg break location is 
between the vessel and the broken loop ECC injection location, and is immediatelyadjacent to 
the ECC injection. This break location virtually assures that all of the ECC injection fluid from 
the broken loop flooding tank or accumulator and from the broken loop pumped ECC injection 
are lost through the break and cannot contribute to core reflooding. For other break locations, 
much if not all of this ECC fluid will remain in the system and be available to aid reflooding. (3) 
The cold leg break location maximizes the flow resistance and pressure drop for steam 
generated during reflooding to exit the vessel which reduces the reflood rate and increases the 
PCT. 



NRC:02:062 
Attach men t 1 

Page 51 

These factors are all associated with current PWR systems and are independent of the analysis 
methodology being used. The limiting cold leg break location has been demonstrated many 
times by various analysts using different codes. Therefore, the writers of the ECCS 
compendium and the CSAU also limited the wrst  LBLOCA scenario to the cold leg break 
location as was done by Framatome ANP. 

Break orientation is not considered to be a significant contributor to PCT for LBLOCA 
simulations because the break size is large by definition which results in high and well mixed 
break flow. For these conditions, calculated critical flow would not vary with orientation. Also 
because of the rapid depressurization associated with large breaks, the issue of loop seal 
plugging is not a concern. This depressurization assures that either the water has flashed or 
has escaped out the break. Without the plugging in the loop seals, the sewre steam binding 
capable of depressing the core level cannot occur. Spot checks on S-RELAP5 calculations 
using break sizes near the SBLOCA range have been performed to verify this. 

The break size spectrum is designed to interface with the Framatome ANP Small Break LOCA 
methodology. The SBLOCA methodology, using S-RELAP5, was qualified for breaks up to 10% 
of the cross-sectional area of the cold leg pipe. Breaks larger than this will be analyzed with the 
LBLOCA methodology. Thus, the full range of LOCA break sizes is considered. 

Containment Modelinq 

Question 26: Although the Framatome-ANP RLBLOCA methodology uses the ICECON 
methodology to perform the containment back pressure to the reactor coolant system analysis, 
the methodology still uses a simplified component system model of the containment. Please 
discuss how a single comparison of KECON wlh GOTHIC is sufficient demonstration of 
applicability to the range of Westinghouse and CE containment configurations. 

Response 26: The role of the containment model for LBLOCA simulation is to provide an 
adequate back pressure calculation. The containment pressure will influence break flow and 
steam binding phenomena during the simulation. For the types of containment used in PWRs, 
this space is well modeled by a single large volume with mass and energy transport. S-RELAP5 
uses a total energy equation required for accurate energy transport during the early phases of a 
LBLOCA when large pressure differences between a plant’s RCS and the containment eist. 
Energy removal characteristics from the containment is modeled on a component basis (.e., 
sprays, fan coolers, or ice condensers) with data provided by the specific plant to be analyzed. 
Sensitivity studies have shown that under prediction of containment pressure is generally 
conservative. This RLBLOCA methodology allows that these parameters may either be treated 
statistically or using a conservative bound (i.e. maximum energy removal). Containment 
pressure has been identified as a PlRT parameter of high importance. [ 

1 

Containment pressure during a LBLOCA is largely dependent on mass and energy inputs 
(primarily boundary conditions) and aidwater properties, rather than empirical models. 
Therefore, the S-RELAP5 containment model has the capability to predict the dominant 
phenomena which affect containment pressure during a LOCA. For this reason, the two 
calculations examining a dry containment and an ice containment sewe the purpose of 
validation of the S-RELAP5 models against a containment code which has been assessed 
against experimental data. Containment codes like GOTHIC do provide a more detailed 
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physical modeling capable of capturing thermodynamic conditions that can degrade containment 
systems or challenge containment licensing criteria outside the scope of LOCA analysis. 
Typically, the routine use of these codes is performed to address licensing concerns 
documented in NUREG4800 Section 6.2 (Standard Review Plan for Containments) and 
NUREG-0588 (Environmental Qualification). 

The containment analysis performed as part of the RLBLOCA analysis is not used to support 
licensing analyses of the plant containment. The only purpose of this containment analysis is to 
provide a back pressure to the primary reactor coolant system throughout the LBLOCA. Based 
on sensitivity studies it was concluded that a low containment pressure resulted in higher PCTs. 
It was also recognized that the utilitywould, to some extent be moving equipment in and out of 

containment. [ 

1 

The actual containment for a plant will be addressed in the plant specific RLBLOCA analysis. 
This includes the impact of the plants actual containment wlume, containment sprays, fan 
coolers, and ice condensers, if present. [ 

1 

1 

In addition, the containment pressure calculated from two Appendix K simulations for the same 
3-loop plant are included in the figure. These Appendix K simulations are for a 0.8 double- 
ended guillotine break with two different single failure assumptions. In one case a loss of diesel 
generator (-DG) is the assumed single failure and in the other case a loss of low-pressure 
injection system (-LPSI) is the assumed single failure. The loss of diesel generator case 
reported the highest clad temperature; however, containment cooling in this simulation w s  
limited by the loss of some containment spray. The loss of LPSl calculations does not directly 
impact the designed containment cooling and thelefore has a lower containment pressure 
response than the loss of diesel generator case. Regardless, Figure 26.1 demonstrates that the 
lower bound from the RLBLOCA calculation is more conservative than either Appendix K result. 
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1 

Figure 26.1 Containment Pressure Response from RBLOCA Simulations 
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Downcomer Boiling 

Question 27: The brief overview and description of large break LOCA behavior on Page 3 4  
does not mention the potential fordowncomer boiling. Downcomer boiling has been shown to 
be important in the transport of coolant to the core in the LBLOCA. Discuss the basis forthe 
applicability of the S-RELAPS simulation of the effects of dowcomer boiling and the manner in 
which downcomer boiling has been treated in the RLBLOCA methodology. Include in the 
discussion the roll of the downcomer wall initial temperature in downcomer boiling. 

The PIRT in Table 3.3 does not include dowcomer boiling. Please include in the discussion the 
exclusion of downcomer boiling from the PIRT. 

Response 27: The downcomer boiling issue is included in the Framatome ANP PlRT under the 
label “Hot wall” phenomenon; in addition, dowmcomer boiling is also highly dependent on 
containment pressure, which is also a phenomenon appearing on the PIRT. Unlike many 10 
CFR 50, Appendix K methodologies, S-RELAP5 simulates this phenomenon and its detrimental 
effects on core reflooding. [ 

Downcomer wall temperature is initialized both in input and by a long steady-state calculation 
(800 s). Examination of wall temperatures following the steady-state calculation has shown 
good convergence. 

1 

Boiling is a phenomenon that codes like SRELAP5 have been developed to predict and boiling 
in the downcomer is an observed phenomenon in S-RELAP5 LBLOCA simulations. Dowcomer 
boiling is the result of the release of stored energy in vessel metal mass. Unlike many legacy 
LBLOCA methodologies, surface boiling is a modeled phenomenon for all components in an 
RLBLOCA analysis. Specifically, downcomer boiling is in the nucleate boiling Egime and in 
S-RELAP5, nucleate boiling heat transfer is modeled using the Chen correlation. The 
implementation of the nucleate boiling model in SRELAPS has been validated through the 
prediction of several assessments on boiling phenomenon provided in the S-RELAP5 Code 
Verification and Validation document (EMF-2102). 

Hot downcomer walls penalize PCT by two 
mechanisms: reducing subcooling of coolant entering 
the core and by the loss of coolant mass out the break 
from boiling along the downcomer see figure at 
right). These processes reduce the density of the 
downcomer fluid and effectively lower the height of the 
liquid column in the downcomer which reduces the 
pressure driving force for reflooding the core. While 
boiling in the downcomer may occur at anytime during a 
LBLOCA transient, the biggest impact on clad 
temperatures will occur during late reflood following the 
end of accumulator injection. At this time there is a 
large step reduction in coolant flow from the ECC 
system (iIEcc in figure)and at this same time the 
coolant subcooling is being lost due to heat input from 
the downcomer metal mass. When this coolant 
becomes saturated, boiloff occurs which further reduces the effective downcomer level. With the 
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Study # 
1 
2 
3 
4 
5 

reduction of the downcomer liquid level, the core reflood rates will be reduced and the clad 
temperatures will increase. 

Description 
WI vs. WIO DC Walls 
Low Containment Pressure Plant RLBLOCA Analysis 
Semiscale S-06-3 Benchmark 
Finer Aziumuthal Nodalization (6 axial x 9 azimuthal) 
DC Cross Flow Form Loss (based on ldelchek formulation) 

While this phenomenon can impact clad temperatures, it is a self-limiting process. As the 
downcomer liquid level decreases, less energy is released from the downcomer walls and the liquid 
level eventually stabilizes. (Note: the core liquid level will move with the downcomer level which will 
further contribute to this stabilizing effect.) This stable level is a function of the total energy release 
to the coolant. The largest component of the total energy is not from the downcomer; but, rather, 
from the core to the coolant. 

To what extent the liquid level decreases to a new stable level is dependent on the same 
characteristics that encourage boiling. Many of these factors, such as geometry, coolant flow 
rates, and power, are dependent on plant design and operation. Phenomenologically, boiling is 
most dependent on coolant properties, of which, pressure is the key characteristic. (Note: 
calculations with S-RELAP5 show that heat transfer from the downcomer metal mass becomes 
conduction-limited, resulting in heat fluxes that are insensitive to hydraulic variations.)The extent 
of the downcomer liquid level reduction is strongly correlated to the amount of coolant at the 
beginning of downcomer boiling, i.e., the maximum liquid level following the step change in 
ECCS flow and prior to boiling. Downcomer liquid level (collapsed) is directly related to how 
much coolant mass is lost out the break. This implies that the smaller breaks will have the higher 
pre-downcomer boiling liquid level and the larger downcomer liquid level reduction during 
downcomer boiling. Thus, downcomer boiling will have the largest impact on clad temperatures 
for the smaller breaks. 

Several sensitivity studies have been performed using S-RELAP5 to demonstrate the primary 
simulation sensitivities to downcomer boiling phenomena and to establish a pedigree for 
S-RELAP5’s capability to simulate downcomer boiling. These studies are summarized in the 
table below. 

Study #1 

Heat structures attached to the dovmcomer and lower plenum fluid volumes were decoupled so 
that heat released from these heat structures would not contribute to heating liquid in these 
regions (the decoupling was assumed to occur following accumulator discharge). Removing the 
heat structures will both prevent the reduction in subcooling and the boiling of coolant entering 
the reactor vessel. The base calculation was extracted from a preliminary RLBLOCA analysis of 
a 3-loop plant. Figure 27.1 compares the PCT from these calculations for the condition with and 
without downcomer boiling for the case with the highest PCT, 1826°F. This break is best 
described as a 93% double-end guillotine break to a dry containment. (Note: Generally, dry 
containment pressures during LBLOCAs are usually greater than 30 psia.) 

Shortly after the accumulator discharges, boiling was observed along the downcomer sector 
adjacent to the broken loop, as seen in Figure 27.2; however, sustained downcomer boiling was 
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not observed in the other two sectors until after 100 s. These two sectors received LPSl driven 
ECCS coolant that offset some of the heatup in the downcomer in this area. In comparing the 
“W/ DC walls” case to the “W/O DC walls” case, the collapsed liquid level shown in Figure 27.3 
for the “W/ DC walls” case changes very little; however, it is obvious from the divergence in the 
liquid level results that at about 100 s downcomer boiling is removing a significant amount of 
liquid from the downcomer. This level differential represents the dominant condition influencing 
core reflood rate and it is obvious in Figure 27.1 that dowcomer boiling is a factor in raising clad 
temperature beginning after accumulator discharge. In fact, in this sensitivity study, the PCT 
contribution from downcomer boiling is about [ I .  

r 

Figure 27.1 PCT Trends with Downcomer Boiling 
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r 

Figure 27.2 Vapor Generation Rate in Downcomer Broken Loop Sector 

Figure 27.3 Core Collapsed Liquid Level Trends with 
Downcomer Boiling 
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It is Framatome’s experience that the PCT impact of downcomer boiling is predominantly the 
consequence of plant type, break size and containment pressure. In the above sensitivity study 
on a 3-loop plant, containment pressure was no lower than 30 psia at anytime during the late 
reflood period. This is relatively high compared to plants that incorporate ice condensers or more 
aggressive containment spray systems. 

Studv #2 

To evaluate the effect of containment pressure, a complete RLBLOCA analysis was performed 
for a 3-loop plant designed with a very aggressive containment cooling system capable of rapidly 
returning the containment pressure to near atmospheric conditions following a LBLOCA. To 
demonstrate the downcomer boiling sensitivity to break size, the worst split break and the worst 
guillotine break were identified. The break size of these cases was determined to be 36% and 
89% for the split and guillotine break, respectively. The worst case guillotine break calculation 
was modified in a special calculation to be similar to the ‘WIO DC walls” calculation in Study # I .  
This calculation also modeled an increase in the ECCS coolant temperature to simulate the loss 
of subcooling that would occur from the downcomer walls. 

Figure 27.4 shows a comparison of the PCT response from the limiting LBLOCA simulation 
(89% DEGB) for the low containment pressure plant and a “No Downcomer Boiling” calculation 
(no wall heat structures, elevated ECCS coolant temperature). The effect of downcomer boiling 
is dramatic; however, it only accounts for about a [ ] impact on PCT. The most noticeable 
difference is the time-at-temperature condition of the base case. For this reason the effect of 
downcomer boiling and the low containment temperature will likely have a significant impact on 
oxidation. Figure 27.5 shows the collapsed liquid level response from these two calculations. In 
these calculations the accumulator discharge ends near 60 s. At that time both calculations 
show a dramatic decrease in collapsed liquid level as a result of the drop in coolant flow. (Note: 
the liquid level is also depressed somewhat from the nitrogen bubble that flows from the 
accumulator to the break.) After this initial drop, both calculations recover somewhat until 
subcooling is lost in the base case. At that time, the dowcomer collapsed liquid level drops to 
about 9 ft and stabilizes. The calculation without the wall heat structures shows a relatively 
consistent increase in the liquid level. 

Figure 27.6 shows the PCT response for the limiting split break. Through the end of 
accumulator discharge, clad temperature remains lower than the DEGB, as wu ld  be expected 
for smaller LOCAs that leave more coolant in the reactor vessel. After this time, there is a 
significant heat up of the hot pin (300°F over the early reflood peak). In this calculation the 
downcomer collapsed liquid level drops to about 12.5 ft, prompting the temperature excursion 
observed during the late reflood. 

Figures 27.7 and 27.8 show PCT vs. Time of PCT graphs for the 3-loop sample problem and the 
low containment pressure RLBLOCA analyses. The key distinction between these two graphs is 
in the preferences for the Time of PCT. For the dry containment there are two distinct groupings 
around the early (30 s) and late (90 s) reflood periods. In the low pressure containment analysis 
there is a distinct grouping during the early reflood period; however, an effect of the low pressure 
containment is an apparent spreading out of the late reflood grouping. Comparing the early 
reflood grouping between the two graphs, calculated PCTs are similar (although the dry 
containment results tend to be higher). However, there is little similarity between the late reflood 
groupings. The delayed cooldown predicted for the low containment pressure analysis clearly 
contributes to higher PCTs. In particular, split breaks are noticeably higher. 
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r 

Figure 27.4 PCT from Worst Guillotine and “WIO DC Walls” Calculation 

r 

Figure 27.5 Collapsed Liquid Level from Calculations on Worst Guillotine Break 
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r 

Figure 27.6 PCT from Worst Split Break Calculation 

r 

Figure 27.7 PCT vs. Time of PCT for 3-LOOp Sample RLBLOCA Analysis 
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r 

Figure 27.8 PCT vs. Time of PCT for Low Containment Pressure RLBLOCA Analysis 

Framatome is aware of a LBLOCA simulation for the 4-loop Westinghouse Watts Bar plant that 
attributes about 400°F to a PCT penalty from downcomer boiling. We are unaware of all the 
assumptions applied in this simulation; however, there are a couple of aspects to this calculation 
that are unique: specifically, low pressure and break sizes that approach the small break region. 
As shown in this RLBLOCA analysis on the low containment pressure plant, S-RELAP5 has 
predicted similar characteristics with a downcomer boiling penalty as high as [ ] or more for 
smaller break sizes and low pressure. To date, none of these calculations have been a limiting 
analysis; however, the design of this RLBLOCA methodology does not preclude this possibility. 

Studv #3 

No specific test program has explicitly addressed downcomer boiling; however, CCTF, LOFT, 
and Semiscale have all performed tests with hot downcomer walls. All the CCTF, LOFT, and 
Semiscale assessments performed for the “Evaluation of Code Bias” include hot downcomer 
walls. In addition, such scaled tests tend to over emphasize metal mass since it is impossible to 
scale down such structure without distorting hydraulic scaling. Generally, S-RELAP5 has been 
shown to match or bound clad temperature predictions. The main limitation of these tests is that 
the minimum pressure among these tests is about 30 psia. Similar containment pressure 
profiles were used in the PWR sample problems. 

Possibly the best benchmark available for examining downcomer boiling is the Semiscale 
S-06-3 test. This test was included in the S-RELAP5 Code Verification and Validation. 
Unfortunately, that calculation as presented did not show significant downcomer boiling. For this 
reason the modeling of this calculation was reevaluated with the aid of one of the original 
SemiScale engineers (Tom Larson). His suggestion was to reexamine the modeling of the 
downcomer filler component and its contact with the downcomer vessel wall. This is primarily 
concerned with how to model the “filler gap,” a space located between a filler mass and the 
vessel wall. Original documentation indicated that this filler gap was filled with air; however, 
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according to the Semiscale engineer and verified through thermocouple measurements, this 
space filled with water during the transient and greatly enhanced the release of metal mass 
energy to the downcomer inventory. 

Figures 27.9 and 27.1 0 show a calculation vs. test comparison of the peak clad temperature and 
liquid level (in terms of differential pressure) response, respectively. The liquid level specifically 
shows the post-accident refill, followed by a rapid boil off that stabilizes to about 2.5 psid. The 
downcomer boiling phenomena doesn’t actually contribute to a higher peak clad temperature; 
however, it does extend the cool down period. 

r 

Figure 27.9 Semiscale S-06-3 Peak Clad Temperature Comparison to Data 

r 
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Figure 27.1 0 Semiscale S-06-3 Downcomer Liquid Level Comparison to Data 

Studv #4 

This sensitivity study consists of four calculations examining clad temperature sensitivity to 
downcomer nodalization. The base model, with 6 axial by 3 azimuthal regions (Figure 27.1 l ) ,  
has been expanded to 6 axial by 9 azimuthal regions (Figure 27.12). The first calculation 
simulated is designed to be equivalent to the limiting PCT calculation given for the 3-loop 
sample problem. The second calculation simulated increases the vessel side break flow 
discharge coefficients. The third and fourth calculations repeat the first two calculations using a 
low containment pressure plant (3-loop sample problem). 

Figure 27.1 1 Base Model Nodalization Around Cold Leg Nozzles 

Figure 27.1 2 Renodalized Model Around Cold Leg Nozzles 
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Figure 27.13 presents the peak clad temperature responses for the conditions representing the 
3-loop sample problem from the renodalized and base models. The renodalized model has a 
significantly different response beginning at the end of blowdown. The clad temperature 
response shows a distinct blowdown peak in the sensitivity study that was not present in the 
base case. From the break flow and downcomer liquid level plots (Figure 27.15 and 27.15), it is 
obvious that in the sensitivity study that less RCS and ECCS coolant is going out the break 
during the early phases of the transient and is staying in the downcomer instead. 

With basically equivalent models except for the nodalization in the downcomer, the source of 
this discrepancy is found in understanding how the nodalization influences the result. Referring 
to the Figures 27.1 1 and 27.12, the pathways from the intact loops to the broken loop can be 
traced out by following each optional pathway from the two sources to the one sink. In the base 
model the pathways are few; flow moves from the source volumes in the downcomer to either up 
or down, then over to the broken loop sector, and out the sink volume. In the renodalized model, 
there are more pathways possible. The effect is an increase in the mean free path between the 
source to the sink volumes for the model with the finer nodalization. By moving to finer and finer 
nodalization, the change in the mean free path would evidently become negligible; however, 
there is a penalty in code runtime. 

For LBLOCA applications, the remarkable characteristics of the simpler nodalization scheme is 
that it contributes to a conservative clad temperature bias. Downcomer phenomena impacting 
clad temperatures are many, including hotwall, boiling, CCFL, condensation, and multi- 
dimensional effects, and the relative contributions of each of these phenomena are difficult to 
separate and assess. This was the conclusion of the Technical Program Group that developed 
the CSAU methodology. Like the TPG the Framatome RLBLOCA methodology has 
demonstrated the conservatism of the simple nodalization through assessment (primarily against 
full-scale UPTF tests) and sensitivity study (this nodalization study). By consistently applying this 
nodalization in assessments and in licensing calculations, the code bias and uncertainty 
associated with nodalization is passed to all similar calculations. This was the conclusion of the 
TPG. 

Nonetheless, maintaining the simpler nodalization does not fully address downcomer boiling 
sensitivity to nodalization. For this reason a second calculation was performed using the 
renodalized model in which the break flow discharge coefficients were increased so that the 
break flow during the early phase of the transient would be nearly equivalent to that in the base 
model calculation. By doing this, downcomer inventory at the beginning of reflood would be 
approximately the same as the base case, thus, providing for the key boundary condition for 
assessing boiling in the downcomer. Figure 27.1 6 provides the peak clad temperature response 
from this calculation compared to the base case. Figures 27.17 and 27.18 present break flow 
and downcomer liquid level plots that demonstrate that similar beginning of reflood conditions for 
downcomer inventory exist as the result of increased break flow. 

From the peak clad temperature plot it is seen that the two cases present very similar results. 
The finer nodalization model is still impacted by the longer mean free paths as observed in the 
first sensitivity calculation; hence clad temperatures are still lower. Relevant to the downcomer 
boiling issue was whether having more modeled heat structure surfaces cooled by ECCS (i.e., 
not directly under the cold leg nozzles) would in some way influence how the bulk rate of boiling 
in the downcomer was calculated. The key measures addressing this concern are downcomer 
liquid level, downcomer temperatures, and, by virtue of the application, clad temperatures. 
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No indication of a phenomenological discrepancy is discernable from the downcomer liquid level 
response in Figure 27.1 8 and the clad temperature response shown in Figure 27.1 6. Figure 
27.1 9 shows the coolant liquid temperature vs. saturation temperature for an azimuthal slice in 
the downcomer between the broken loop and the intact loop. It can be seen that as one moves 
away from the broken loop, the subcooling of the liquid increases. Comparison of this figure to 
Figure 27.20 presenting the same temperatures for the base case shows that in the simpler 
nodalization subcooling is less for the nodes directly under the intact loops and more for the 
nodes directly under the broken loop; hence, on the average, the same amount of heat is being 
removed in both calculations. In both calculations it is shown that boiling diminishes with time. 
Heat transfer out of the downcomer walls becomes conduction-limited and despite the large 
amount of stored energy remaining in the heat structures, the heat transfer at the wall surface is 
adequately handled by the flow of LPSI-supplied ECC and subcooling returns. 

r 

Figure 27.1 3 Peak Clad Temperature Comparison of the Renodalization Model 
to the Base Model 
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Figure 27.14 Break Flow Comparison of the Renodalization Model and the Base Model 

r 
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Figure 27.15 Downcomer Collapsed Liquid Level Comparison of the 
Renodalization Model and the Base Model 



N RC: 02: 062 
Attachment 1 

Page 68 

r 

Figure 27.16 Peak Clad Temperature Comparison of the Modified 
Renodalization Model to the Base Model 
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r 

Figure 27.17 Break Flow Comparison of the Renodalization Model and the Base Model 

r 

Figure 27.18 Downcomer Collapsed Liquid Level Comparison of the Modified 
Renodalization Model and the Base Model 
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r 

Figure 27.1 9 Downcomer Saturation and Liquid Temperatures in Second 
Renodalization Sensitivity Study Calculation 
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r 

Figure 27.20 Downcomer Saturation and Liquid Temperatures in the Base Case 

Downcomer boiling is known to be highly sensitive to containment pressure. For this reason, the 
two nodalization sensitivity calculations were performed for a plant with an aggressive 
containment cooling system. Figure27.21 provides the peak clad temperature response from 
the “renodalized-only” calculation (74) compared to the low containment pressure base case 
(16) for this separate RLBLOCA analysis. As with the first calculation, the break flow and 
downcomer liquid level plots (Figure 27.22 and 27.23) show that less RCS and ECCS coolant is 
going out the break during the early phases of the transient and staying in the downcomer. 

Figure 27.24 compares the peak clad temperature response for the “renodalized + flow’’ 
calculation (75) with that from the low containment pressure base case (16). Like the second 
calculation, the key measures addressing this concern are downcomer liquid level, downcomer 
temperatures, and clad temperatures. Comparison of these measures provided in Figures 
27.24-27.26 to those provided for the 3-loop sample problem show similar characteristics. 
There is no indication of any phenomenological discrepancies related to the prediction of 
downcomer boiling between these calculations. 
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r 

Figure 27.21 Peak Clad Temperature Comparison of the Renodaliration 
Model to the Base Model (Low Pressure Plant Analysis) 
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r 

Figure 27.22 Break Flow Comparison of the Renodalization Model and the 
Base Model (Low Pressure Plant Analysis) 
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Figure 27.23 Downcomer Collapsed Liquid Level Comparison of the 
Renodalization Model and the Base Model (Low Pressure Plant Analysis) 

r 

Figure 27.24 Peak Clad Temperature Comparison of the “Renodalized + Flow” 
Model to the Base Model (Low Pressure Plant Analysis) 
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Figure 27.25 Break Flow Comparison of the “Renodalized + Flow” Model 
and the Base Model (Low Containment Pressure Plant) 
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r 

Figure 27.26 Downcomer Collapsed Liquid Level Comparison of the “Renodalized + 
Flow” Model and the Base Model (Low Containment Pressure Plant) 

Studv #5 

Two calculations have been performed to determine clad temperature sensitivity to best- 
estimate cross flow form loss resistances (friction is inherently treated in S-RELAPS). The form 
loss calculation applies the ldelchek reference for flow through a curved pipe or rectangular 
duct. Using an angle of curvature of 120”, this results in a form loss of 0.1 167. This loss is 
applied along the junctions of the three azimuthal sectors in the base case model (not the 
renodalized model). The two calculations are derived from the limiting calculations for the 3-loop 
sample problem (in figures, case 66 vs. 41) and from a RLBLOCA analysis of a low containment 
pressure plant (in figures, case 80 vs. 16). Figures 27.27 and 27.28 show the clad temperature 
results for these two calculations. 

The dominant result in the first calculation is that beginning-of-reflood occurs earlier as a result 
of less fluid lost from the break. Outside of the clad temperature and downcomer liquid level 
plots, other key variables are very similar to the base case. The early beginning-of-reflood was 
not observed in the second calculation. This may be related to differences in the influence of 
steam binding related to the different containment pressures. A comparison of reflood rates 
between the two calculations shows that during the early reflood period, the reflood rate from the 
low pressure plant calculation is significantly lower. The lower reflood rate is indicative of a 
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greater resistance to flow from the downcomer to the upper plenum and out the break. This 
resistance is likely the dominant resistance to flow into the reactor vessel rather than the effect 
of the added cross sectional form losses. As a consequence, the effect of the added cross 
sectional form loss on clad temperatures is minimal, about 14 F. 

The sensitivity calculation does show a later quench time. However, comparison of the total 
oxidation actually shows that the base case is somewhat higher than the sensitivity calculation. 
This suggests that for the majority of the transient, the calculations are very similar. There is an 
accumulative effect from the inclusion of the cross flow form losses that limits how much heat is 
being removed from the downcomer walls in the form of steam. The result is a delayed quench. 
This can be seen in the downcomer collapsed liquid level (Figure 27.29). The base case 
calculation clearly shows that near the end of the calculation, the rise in the downcomer liquid 
level is more rapid than in the sensitivity calculation. Measuring the importance of these 
differences relative to the primary acceptance criteria, PCT, for a LBLOCA, these differences are 
minor. 

r 

Figure 27.27 Peak Clad Temperature Results from Cross Flow Resistance Study 
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Figure 27.28 Peak Clad Temperature Results from the Cross Flow Resistance Study 
on the Low Pressure Containment Plant 
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Figure 27.29 Downcomer Collapsed Liquid Level Responses for the Cross Flow 
Resistance Sensitivity Study and the Base Case for a Low Containment Pressure Plant 

Downcomer Boiling Summary 

The key sensitivities for downcomer boiling are break size and containment pressure. Sensitivity 
studies have been done for both of these parameters during the development of this RLBLOCA 
methodology. In all the studies performed for lowered containment pressure, clad temperature 
increased. Studies on break size showed that there tends to be a break size that minimizes 
blowdown heat transfer and that tends to provide the highest clad temperatures. Sensitivity 
studies on interfacial drag have not shown a strong influence on clad temperatures. Injection 
subcooling is considered a Plant Parameter that is treated on a plant specific basis. In sample 
problems it has been conservatively treated (minimized). A time step sensitivity study is 
presented in Appendix C of EMF-2103 Revision 1. 

Fuel Swellina and Rupture, Relocation and MetalNVater Reaction 

Question 28: On page 3-7 it is noted that fuel rod rupture is not included in the calculations, 
and possibly the peak local clad oxidation calculation will not include inside oxidation as well as 
outside oxidation. In addition, there is some confusion regarding the metalhater reaction model 
being used. 
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Question 28a: Please clarify and discuss why the fuel swelling and rupture model is not used. 
The discussion should include consideration of the effects of burnup. The discussion should 
also include justification forneglecting fuel swelling and rupture in the calculations and the effect 
this has on producing a lower oxidation potential since inner cladding surface oxidation is not 
considered. 

Response 28a: Swelling and rupture models were not used in the Framatome methodology 
because use of the swelling and rupture models based on NUREG 0630 would yield slightly 
reduced PCTs and reduced total metal-water reaction (oxidation) compared to the same 
calculations without using the swelling and rupture models. 

As a fuel rod heats up, the internal pressure will increase and the strength of the zircaloy 
cladding will decrease. At temperatures usually in excess of 1600F, the cladding will begin to 
experience plastic strain at which time the cladding begins to moE away from the internal fuel, 
i.e. the gap s i z  increases. This swelling effect is beneficial with regard to the cladding 
temperature, in that the gap thermal resistance is increasing and any available cooling is now 
more effective in removing energy from the cladding and reducing the cladding temperature. 

With swelling, the external area increases which enhances both the surface heat transfer and 
the metal-water reaction. As temperature increases further, the NUREG-0630 models predict 
rupture of the cladding. At rupture, there is a further expansion of the cladding with associated 
increase in heat transfer area. The metal-water reaction area also increases and at rupture is 
nearly doubled with the addition of the internal cladding surface for reaction. 

In this process, there are competing phenomena some ofwhich tend to increase PCT while 
others tend to decrease PCT. Therefore, Framatome ANP performed calculations to quantify 
the overall effect. The results of the calculations showed that for approximately limiting LOCA 
conditions, the calculated PCT and total local metal-water reaction was highest for the 
calculated cases without use of the swelling and rupture model. The exponential temperature 
dependence of the metal-water reaction caused more reaction to be calculated for the rod which 
did not experience swelling due to the higher temperature than was calculated for the case using 
the swelling and rupture model. Appendix B.2 of the methodology report EMF-2103 provides 
some discussion on this issue. 

In sensitivity studies examining fuel swelling and rupture, PCTs always went down when swelling 
and rupture was calculated. Since data from studies on this issue is sparse and the uncertainty 
large, the decision to not use the he1 swelling and rupture model was logical since PCT 
predictions without these effects represented a bounding model. 

Burnup affects possible fuel rod rupture in two ways: (1) fuel rod initial stored energy, and (2) 
fuel rod pressure. Fuel rod initial stored energy is highest at near BOL exposure, but then 
decreases rapidly with bumup. A minimum value is reached and then at higher exposures the 
initial stored energy increases, but for exposures at which the rod power can be limiting, the 
stored energy never recovers to the maximum BOL value. The second effect, fuel rod initial 
operating pressure, increases with bumup. Framatome ANP calculations indicate that the 
increased temperatures associated with the higher initial stored energy has a much greater 
effect on PCT and extent of metal-water reaction than does the internal rod pressure. Hence, 
first cycle high stored energy conditions are most limiting with respect to bumup. (Also see 
response to Question 131 .) 
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Question 28b: Fuel pellet relocation has been observed which can cause pellets to fill the 
space created by swelling and ballooning cladding. Please discuss M y  Framatome-ANP has 
not included this effect and the basis forthat decision. 

Response 28b: The response to Question 131 shows observed temperature behavior during 
fuel rod swelling, and rupture with fuel relocation. These results show cooling effects due to 
swelling and rupture which are not calculated as part of the Framatome model. The fuel 
relocation occurred but did not adversely affect the subsequent temperature behavior. Thus, a 
LOCA analysis of the fuel rod with the Framatome model, which ignores the beneficial effects of 
swelling and rupture, provides a bounding cladding temperature calculation even in the event 
rod swelling, rupture, and pellet relocation were to occur. 

Rupture would not be calculated to occur during the blowdown phase of the LOCA because the 
external pressure is high during this time and rupture could only occur for very high internal gas 
pressures. At high burnups when the internal pressure is high, the rod LHGR is too low, due to 
burnup, to be limiting, and the LOCA tlansient temperature for this rod does not reach the 
rupture level during the blowdown phase. [ 

1 

Question 28c: Please clarify why the Cathcart-Pawel model is used in S-RELAPS model 
described in the Methodology document, EMF-2103, while the Models and Correlations 
document, EMF-2100 describes the Baker-Just model. Also, there appear to be better models 
than the Cathcart-Pawel metavwater reaction model for temperatures below 1900 F. Please 
discuss the basis for not choosing another metallwater reaction model for the lower temperature 
range and also include in the discussion a justification forthe assumptions applied for the initial 
condition. 

Response 28c: The Cathcart-Pawel reaction rate equation is used for S-RELAP5 applications 
in the Realistic LOCA methodology as described in EMF-2103. For small break LOCA 
applications using S-RELAPS, calculations are performed according to the requirements of 10 
CFR 50 Appendix K. These requirements specify that the Baker-Just reaction rate equation 
must be used. Report EMF-2103 presents the Realistic LOCA methodology. EMF-2328(P)(A) 
presents the SBLOCA methodology. EMF-2100 is not specific to either methodology but is a 
support document for the S-RELAPS code and thus, is intended to describe the overall code 
capabilities for all applications. Hence, EMF-2100 documents and presents both models. 

The Cathcart-Pawel reaction rate equation is used for the calculation of high temperature 
oxidation of zircaloy with steam. Experimenters generally note that this high temperature 
reaction has a negligible rate at temperatures of 1000°C (about 1800°F) and below. The ECCS 
criteria limit maximum cladding temperatures to less than 2200°F (1200°C). Thus, the 
temperature range for the high temperature oxidation is limited to 1 8OO-220O0F. Cathcart-Pawel 
was chosen for this range because it already existed in the RELAPS code, and the consensus of 
the ECCS compendium was that this equation was a good best estimate of the reaction rate for 
this range of temperatures. 

It is generally accepted that the reaction rate of zircaloy with steam is insignificant at 
temperatures below 1 OOO°C (1 832OF) (Reference ORNL-"2-23). Above this temperature, 
various reaction rate equations have been formulated. Cathcart-Pawel was chosen for the 
realistic LOCA model because it is lecommended in the ECCS Compendium (NUREG/1230) for 
application between temperatures of 1000 - 1300OC (1832 - 2372OF) and is given as an 



NRC:02:062 
Attach men t 1 

Page 82 

acceptable correlation in Reg. Guide 1.1 57 for temperatures above 1900OF. The metal-water 
reaction is best estimate and is appropriately applied over the temperature range where the 
reaction rate is significant. 

The Cathcart-Pawel expression is also extended to lower temperatures. Significant reaction 
does not occur and is not calculated by the Cathcart-Pawel equation at the lower temperatures. 
Conclusion 4 from ORNUNUREG-17 states: “Oxide layer growth at 900 and 950% (1652 - 
1742OF) is not describable in terms of parabolic kinetics. Extrapolation below - 1 OOO°C (1 832OF) 
of high temperature rate constant data for oxide or Xi layer growth or total oxygen consumption 
will yield overpredictions of these quantities. However, the error resulting from such an 
extrapolation is likely to be negligible if the time of oxidation at the lower temperatures does not 
exceed - 100 s.” Thus, the extrapolation of Cathcart-Pawel below 1 OOO°C is conservative and 
insignificant compared to reaction at higher temperatures. 

The oxidation due to corrosion affects the initial cladding state at the initiation ofthe LBLOCA. 
The corrosion oxidation is calculated as a function of bumup using the NRC approved RODEX3 
code. The RODEX3 initial condition oxidation values are transferred directly to the S-RELAP5 
code for use in the LBLOCA calculation. (See response to Question 28d.) 

Question 28d: In the tim-in-life study, M a t  inside and outside initial oxidation thickness uere 
used for the BOL analysis. M a t  oxide thickness is used for once and twice burned fuel? 

Response 28d: The NRC reviewed and approved RODEX3A code is used to calculate an 
exposure dependent oxidation thickness that is transferred to S-RELAPS. S-RELAPS uses this 
information for calculating cladding thermal conductivity which affects the initial stored energy 
results. However, a zero oxidation thickness is assumed to initialim the metal-water reaction 
rate calculation. Framatome ANP experience with regard to oxidation calculations has been that 
the oxidation calculated for a zero initial oxide thickness provides the largest oxidation thickness 
increase during the transient simulation. The results shown for maximum local and core-wide 
oxidation are those computed for the high temperature metal-water reaction. This is the same 
approach taken for Framatome ANP Appendix K methodologies. 

The response to this question was initially provided in response to an RAI on the topical report 
EMF-2328PA, “PWR Small Break LOCA Evaluation Model, S-RELAP5 Based”. The response 
provided and accepted by the NRC is shown below followed by some additional comments. 

“The Framatome ANP methodology described in EMF-2328(P), “PWR Small Break LOCA 
Evaluation Model, S-RELAP5 Based,” results in a conservative calculation of peak local 
oxidation for comparison to the 17% oxidation criteria of 10 CFR 50.46. The methodology 
assumes that the pre-accident cladding oxidation is zero in order to maximize the rate and extent 
of oxidation during a LOCA. This assumption results in higher peak cladding temperatures and 
higher peak local oxidation than assuming a non-zero pre-accident oxidation value. 

Cladding oxidation from two sources is considered: (1) pre-accident or pre-transient oxidation 
due to corrosion at operating conditions, and (2) transient oxidation which occurs at high 
temperature during the LOCA. Pre-transient oxidation is determined by a fuel performance 
calculation and is a function of bumup. Over the burnup range that the fuel rod is at high power 
and can approach technical specification peaking limits, the pre-transient oxidation is small; 
however, at high burnups, pre-transient oxidation can become significant. 
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Transient oxidation is calculated as part of the LOCA analyses. By rule, this oxidation must be 
computed using the Baker-Just reaction rate equation. Using this equation, the calculated 
reaction rate decreases in direct proportion to the increase in thickness of the layer oxidized and 
increases exponentially with absolute temperature. Therefore, the transient oxidation is 
maximized by minimizing the initial oxidation layer which yields the highest reaction rate. The 
increased reaction rate produces higher temperatures which further increases the reaction rate, 
thus compounding the effect. 

The reason that the assumption of zero pre-accident oxidation value results in a conservative 
calculation of peak cladding temperature and total peak local oxidation is that Framatome’s 
calculations show that a non-zero pre-accident oxidation assumption reduces the transient 
oxidation by an amount greater than the pre-accident oxidation. Therefore, the maximum 
oxidation; i.e., the sum of both pre-transient and transient oxidation is greatest when zero pre- 
transient oxidation is assumed. These results apply for conditions where the transient oxidation 
is the dominant contributor to the total oxidation, which is the case for calculated PCTs in excess 
of 2000°F and for bumups at which peaking can approach the technical specification limits. 
These are the most limiting cases k r  both LBLOCA and SBLOCA. 

Framatome also recognizes that conditions exist where the total oxidation is dominated by the 
pre-transient oxidation. This situation occurs when lower PCTs are calculated and at high 
burnups. For cases with low PCTs, the pre-accident oxidation becomes dominant because the 
transient oxidation is substantially reduced or effectively eliminated due to the low absolute 
temperature. For high bumups, the transient oxidation is reduced or effectively eliminated due 
to the inherent low power and associated low transient temperatures, and is further reduced by 
the presence of a significant initial oxide layer. For these cases, the maxjmum total oxidation is 
essentially equal to the initial pre-accident oxidation value. This oxidation value can exceed the 
value calculated using a zero initial pre-accident oxidation for these conditions; however, the 
total oxidation is precluded from approaching or exceeding the 17% value by the design limit on 
pre-accident oxidation. Framatome has a design limit on pre-transient oxidation of [ 

the thinnest cladding currently used by Framatome.” 

] 
microns defined on a 95/95 basis that cannot be ezeeded. This limit corresponds to [ 1 of 

The above response is also applicable to the Realistic Lage Break LOCA evaluation model. 
The key concept is that the metal mter reaction rate models, Baker-Just and Cathcart-Pawel, 
are highly oxidation level dependent. If the transient starts with an oxidation level the 
subsequent oxidation formation is significantly reduced, the larger the initial level the more the 
formation of additional oxidation during the transient is reduced. The reduction of the oxidation 
formation during the transient then leads to a reduction in the cladding temperature since a heat 
source, oxidation formation, is reduced. 

Decay Heat 

Question 29: Section 4.3.3.2.3 of €W -21 03 discusses the decay heat standard but does not 
show the calculated decay cuwe used in the analyses. Please conpare the decay heat model 
with uncertainty applied to the ANSUANSS. 1-1979 standard to show that the S-RELAPS model 
predicts or bounds the data in the standard for the simulation period. Include in the discussion 
the treatment of gamma redistribution uncertainty? 

Response 29: The decay heat calculations made by the realistic LOCA methodology include 
contributions from (1) fission power decay, (2) power from fission product decay, (3) power from 
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actinide product decay, and (4) power from decay due to neutron capture in fission products. 
The fission power decay is computed by the reactor point kinetics model in SRELAP5, and will 
be unique for each LOCA calculation; however, this term is important for only the first second or 
two of the LOCA tmnsient and vanishes as the reactor fission process is rapidly shut down. The 
remaining decay power terms are calculated using features of the 1979 ANSVANS standard for 
decay heat, as recommended in Regulatory Guide 1.157. More specifically, the decay heat 
used is the ANSVANS-1979 “Simplified Method” using the ANSI standard tabulation. Inherent in 
the “Simplified Method” are the assumptions of infinite operating time at full power, all fissions 
from U-235, and 200 MeV/fission (conservatively low value which yields a higher fission rate- 
more fission products). In addition, actinide decay is included which represents about 6%-15% 
additional decay heat. [ 

] The results are a virtual overlay. 
Decay Power Comparison 
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The distribution of the fission product decay heat source is assumed to follow the distribution of 
the initial operating power. Diffusion of the decay heat source due to redistribution of the 
gamma radiation energy is conservatively neglected in the methodology, and no uncertainty is 
applied due to this effect. 

Assessment 

Question 30: Numerous tests cited in the methodology assessment, such as FRIGG2, THTF, 
GE level swell, FLECHT and FLECHT-SEASET are valid under specific pressure conditions. 
Please clarify and discuss the applicability of the tests used in the assessmnt program to the 
ranges of conditions in Mich they were used. Include in the discussion the assessmnt of void 
distribution and subcooled boiling via high pressure data and the applicability of these mdels to 
low pressures. 
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Please discuss and justify use of the Forslund -Rohsenow correlation to determine PCT. 
Justification is needed to assure that errors in other models and the thermal hydraulics will not 
produce heat transfer coefficients that are beyond the range of the intended correlation. 

Response 30: The set of assessments (FRIGG2, THTF, GE level swell, FLECHT-SEASET, 
etc.) define the whole test- and simulationspace for code validation. Pressure, void fraction, 
mass flows, etc. define these spaces as was shown in the response to Question 2. This is 
useful for defining the limits of a correlation or an analysis. A second purpose is the evaluation 
of uncertainties for dominant LBLOCA phenomena. The THTF and FLECHT-SEASET series of 
tests was used to cover the application ranges of the film boiling heat transfer correlations. A 
discussion of the role of these tests, as wll as the concem of potential compensating error, has 
been provided in the responses to Questions #2 and #20#23, (NOTE: the responses to these 
questions also address the second part of this question on the Forslund-Rohsenow correlation). 

The GE level swell and FRIGG2 assessment are high pressure tests (at typical BWR full 
pressure). Their purpose is to evaluate void distribution, interfacial friction and subcooled 
boiling. The conclusions from these assessments are most relevant during the blowdown phase 
when pressures are still high and the primary phenomenon of interest is interfacial friction. The 
void distribution is dependent on both the interfacial friction and boiling models. In addition, 
subcooled boiling was not judged to be a relevant LBLOCA phenomenon and, consequentlywas 
not included in the PIRT. 

In addition to the high pressure void distribution comparisons for the THTF and GE level swell 
tests, void distribution comparisons have been made for low pressure reflood tests. The void 
distribution comparisons for FLECHT-SEASET and FLECHT SKEWED reflood tests are 
represented by the calculated and measured differential pressures between 72 and 84 in. 
displayed in Figures 3.3.71 to 3.3.79 of EMF-2102(P) Revision 0. Note particularly that code- 
data agreement is excellent after the region between 72 and 84 in. is completelyquenched. 
This demonstrates the wet-wall (pre-CHF) interphase friction model is applicable and adequate 
for both high pressures (THTF Tests) and low pressures. 

The void fraction data for the FLECHT-SEASET tests are derived data from differential pressure 
measurements with assumptions and approximations made for the computation of frictional 
pressure losses. The derived data have to be digitized from the data report for use in 
comparison plots. Fmmatome ANP, therefore, considers the differential pressure data to be 
more appropriate for assessing the code performance on the void distribution. In general, the 
reflood process at a particular elevation roughly goes through three stages: far away from the 
quench front, close to the quench front and below the quench front. Since the differential 
pressure behaves similarly at all elevations, it is sufficient to show the codedata comparison at 
the hot spot (between 72 and 84 in) for all tests. 

As presented in Section 4.7 of EMF-21OO(P) Revision 4, the film boiling heat transfer in 
S-RELAP5 includes three components: convective heat transfer to steam, boiling heat transfer 
to liquid, and wall-to-fluid heat transfer (see also response to RAI Questions 21 and 22). Semi- 
theoretical correlations and models developed under specially designed configurations are used 
for the three heat transfer components. The separation of these components has not been done 
in the complex test programs used to support nuclear safety research. Specifically for FLECHT- 
SEASET tests, the only heat transfer data available are those for the effective heat transfer 
coefficient with respect to saturation temperature, i.e., heat flux divided by (wall temperature - 
saturation temperature). Accordingly, the film boiling heat transfer model can only be and is 



N RC:02:062 
Attachment 1 

Page 86 

validated as the collective effects of all the components. Framatome ANP has demonstrated 
through various assessments that the film boiling heat transfer model as a whole performs 
properly and adequately for the intended applications. Sufficient data does not exist and it is not 
necessary to analyze each individual submodel separately. 

The plots of the calculated and measured differential pressures between 72 and 84 in. displapd 
in Figures 3.3.71 to 3.3.79 of EMF-2102(P) Revision 0 indicate that the calculated liquid faction 
far above the quench front is lower than the measured. The lower accumulation of liquid at the 
position far above the quench front and the generally lower core inventory calculated (Figures 
3.3.89 -3.3.97 of EMF-2102(P) Revision 0) are responsible for the calculation of higher clad 
temperatures during the temperature rise period and conservatively high PCT. The higher PCT 
calculated in the FLECHT-SEASET, FLECHT Skewed, and CCTF tests are due to the right 
reason - lower calculated liquid fraction at elevations far above the quench front. 

The calculated steam temperatures are higher than the data for the two FLECHT Skewed tests 
and are lower than the data for the FLECHT-SEASET tests. In general, the two most important 
factors influencing the steam superheat are (1) net heat transfer to steam and (2) the vapor 
generation rate. A lower calculated steam temperature may be caused by lower heat transfer to 
steam or higher vapor generation rate or a combination of the two. In spite of a lower calculated 
steam temperature, the calculated effective (overall) heat transfer coefficient is not higher than 
the data during the temperature rise period, as shown in Figures 3.3.80 through 3.3.88 of EMF- 
2102(P) Revision 0. This is a result of the tight reason, as explained in the above paragraph. 

The oscillations in the calculated steam temperature comes from the interfacial area 
enhancement factor given in Equations (3.43) and (3.44) of EMF-21OO(P), Revision 4. This is 
part of the droplet model changes for the post-CHF dispersed flow regime (see Pages 3-18 and 
3-19 of EMF-21OO(P) Revision 4). The oscillations are accounted for in the developed code 
heat transfer uncertainty. For this methodology there are no current plans to try to improve this 
model. However, development of the S-RELAP5 code will continue and this is one of the 
models which will be examined in this future development. This is consistent with the CSAU 
methodology, which indicates that one of the side benefits of applying the methodology is that it 
indicates the areas of the code where future development should take place. 

In the development of the RLBLOCA methodology the CSAU approach was followed. As part of 
this approach there is a direct flow from the PlRT to the development of the assessment matrix. 
This flow is from the identification of the important phenomena to those experimental 
assessments which address these phenomena. Sufficient data is then required to develop the 
uncertainties for these phenomena. We believe that sufficient assessments have been 
performed to meet the requirements of the methodology development process that was followed. 

With respect to performing additional assessments, it should be pointed out that assessments 
have already been performed for the FLECHT SKEWED tests 13914 and 13609. The results of 
these assessments are reported in EMF-2102(P) Revision 0 Section 3.3 and summarized in 
EMF-2103(P) Revision 0 Section 4.3.1.6. Unfortunately for the other assessments we do not 
have the electronic data currently available to run these assessments. The ability to obtain 
assessment data for this project has been one of the biggest impediments to its petformance in 
a timely fashion. In addition, as indicated in the irst paragraph, it is felt that sufficient 
assessments have been performed and that additional assessment are unnecessary. 
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S-RELAP5 uses Lahey's mechanistic subcooled boiling model to calculate subcooled boiling 
phenomena. The Lahey model is not based on experimental data with certain fixed ranges; 
therefore, its applicability is not limited to vithin a certain pressure range. As it is pointed out in 
Section 3.10 of EMF-2102(P) Revision 0, strong subcooled boiling phenomena are present in 10 
out of the 27 tests considered. The assessment was performed partly in response to ACRS' 
concern about whether S-RELAP5 produces a correct void distribution curve shape for 
subcooled boiling. The assessment is included in EMF-2103(P) Revision 0 to demonstrate the 
S-RELAP5 code's general capability to properly calculate the void distribution in heated rod 
bundles for void fractions up to around 80% under the pre-CHF (wet wall) flow conditions, 
including subcooled boiling. For LBLOCA events, the pre-CHF flow regime and the subcooled 
boiling occur below the quench front for the rod bundle geometry and have little or no effect on 
the temperature rise and PCT. Furthermore, the comparison plots of differential pressure in 
Figures 3.3.71 to 3.3.79 of EMF-2102(P) Revision 0 show that the void fraction below the 
quench front is well calculated. This demonstrates the capability to calculate the pre-CHF flow 
void distribution under low pressure conditions. 

The GE level swell test was performed to evaluate S-RELAP5 capability to predict transient void 
fraction conditions. The assessment was included in the Realistic LOCA model submittal 
because it demonstrates the S-RELAP5 code capabilities to predict this behavior. The pressure 
is within the 2200 psi to atmospheric range encountered during the PWR LBLOCA. No 
uncertainties were derived from this assessment. Use of S-RELAP5 is not limited to LBLOCA, 
and the conditions of this assessment are more applicable to SBLOCA. This same assessment 
was presented and referenced in support of the use of S-RELAP5 for the SBLOCA 
methodology. 

Framatome ANP does not use FLECHT Skewed Tests 13609 and 13914 in the uncertainty 
analysis and the calculation of the film boiling heat transfer coefficient multipliers. The FLECHT- 
SEASET assessments performed were selected to cover the range of possible PCT's. Figure 
5.3 of EMF-2103(P) shows that the PCT values for the 59 cases ranges from 1 OOOOF to 17OOOF. 

THTF and GE level swell data are for the pre-CHF (wet wall) flow regime. The wet wall flow 
regime does not play a significant role in LBLOCA. As indicated previously, the FLECHT- 
SEASET differential pressure codedata comparisons show that the S-RELAPS code does very 
well in calculating the void distribution in the pre-CHF regime under low pressure. 

Lona-Term Coolability 

Question 31 : Please discuss how the Frarnatorne-ANP RLBLOCA methodology addresses the 
element of long-tern coolability as required in the regulatory acceptance criteria. 

Response 31 : The analysis of a LOCA is continued until the cladding temperature at all 
locations in the core is decreasing, and the fluid level in the core is rising. At this time, the path 
to long-term cooling is established. l h e  fluid within the core will continue to rise and the 
cladding at all elevations quench without further excursions. Once quenched, the core is 
maintained within a few degrees of the coolant temperature through a continuous flow of water 
maintained by the ECCS. 

Procedures have been established and approved by the NRC for the smooth transition to long- 
term cooling during which water is recirculated from the reactor building sump through a heat 
exchanger to the reactor vessel. For hot leg breaks, the establishment of recirculation is the 
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final requirement for long-term stable cooling. For cold leg breaks, however, coolant supplied to 
the vessel may not flow to the core. In the most seere case, the core continues to boil for an 
extended period and only sufficient water to make up for the boiloff is actually passed to the 
core. Boiling, without throughput of water, will concentrate boric acid. To prevent the 
crystallization of boric acid within the core, a throughput flow is assured by operator action. The 
final computation is to demonstrate that this action is timely, assuring the effective establishment 
of long-term cooling. 

The plant licensing basis includes an evaluation of long-term cooling. The evaluation is only 
repeated if the change being made has an aderse impact on long-term cooling. 

Question 32: Please describe the methods and analyses that uill be employed to demonstrate 
that boric acid precipitation is assessed or neglected in the methodology. 

Response 32: Since all ECC systems inject borated water, salts could build up, precipitate, and 
block core channels during long-term cooling. To prevent this, operator action is taken to 
establish a flow of water through the core regardless of the type or location of the break. A 
simple concentration calculation that assumes boiling at the decayheat rate and no core 
throughput (water passed through the core) is made from the initiation of the event to the time of 
operator action. The concentration calculated must be shown to be below the saturation limit of 
boric acid for the core conditions. The rate of concentration at the time of operator action is 
shown to be less than the loss of boric acid caused by the throughput flow. This assures that 
the concentration will thereafter decrease. 

The plant licensing bases include an evaluation of the potential for boric acid precipitation. The 
evaluation is only repeated if the change being made has an adwse impact on the potential IDr 
boric acid precipitation. 

Entrainment and 2-D Effects 

Question 33: The S-RELAPS liquid entrainment predictions overpredict the data by a factorof 2 
for the FLECHT-SEASET and skewed tests. Howver, S-RELAP5 overpredicts the clad 
temperatures at the upper elevations. Please discuss this apparent anomaly and also discuss 
the capability of the 2 4  model in S-RELAPS simulate the super heat near the wall and account 
for the radial steam temperature profile acmss the channel in the tests. 

Response 33: (Information relative to this question is also provided in the response to Question 
71 a.) The comparison plots for liquid cany-over are not the best indicator for liquid entrainment. 
The mass in the test section is a betterindicator for liquid entrainment because the data and the 
calculation clearly represent the same thing. Figures 3.3.89 through 3.3.97 of EMF-2102(P) 
Revision 0 provide comparisons of the calculated and measured mass in the test section br the 
analyzed FLECHT-SEASET and FLECHT SKEWED tests. While Figure 3.3.89 for test 31805 
shows good agreement between the measured and predicted mass in the test assembly, all of the 
other plots clearly show that the S-RELAP5 predictions have less mass in the test assembly 
through the time of PCT. It is estimated that this underprediction of mass in the test assembly is 
from 0 to 20%. In addition, as discussed in the lesponse to Question 71a, the calculated liquid 
fraction is less than the data at elevations sufficiently above the quench front. This is shown in the 
code to data comparisons of the differential pressure near the 78 in elevation, and the result of the 
code calculating the lower liquid fractions is higher rod temperatures. 
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The nodalization used for the FLECHT-SEASET and FLECHT SKEWED tests is one- 
dimensional, as discussed in Section 3.3.5 of EMF 2102(P) Revision 0. The tests were not 
modeled as a 2D component since the FLECHT-SEASET tests have a uniform radial power 
profile and the radial power distribution is roughly uniform for FLECHT SKEWED tests. 

This question refers to film boiling assumptions applied in the prediction of heat transfer in this 
regime. The heat sink temperature assumed by S-RELAP5 is the film temperature calculated as 
the average of the wall and saturation temperatures. The assumption of average hydraulic 
volume properties will contribute to the code uncertainty for film boiling; however, this is an 
independent contributor to uncertainty that is directly captured in the uncertainty analysis. 

Void Fraction 

Question 34: Page 4-97 discusses Tmin but does not describe the conditions as to howthe 
correlation is applied in the code. Please discuss andjustify the effect of void fection on the 
application, effect of its exclusion, and the application of Tmn in the Framatome-ANP RLBLOCA 
methodology. 

Response 34: The technical discussion on the implementation ofthe Tmin model can be found 
in Section 4.7 in the SgELAP5 Models and Correlations Code Manual (EMF-2100). Basically, 
when T, < Tmin, the heat transfer mode is selected based on the lager of the heat fluxes from 
transition and film boiling. [ 

model does not have an explicit dependency on void fraction. The most offen referenced Tmin 
model was developed for the TRAC code. That model is presented as a bestestimate model 
and is functionally dependent on pressure (Berenson model). Void fraction is highly correlated 
with pressure; hence, modeling the pressure dependence will compensate for some effects of 
void fraction. The uncertainties determined for the S-RELAP5 Tmin model remove the need to 
treat pressure and material type by basing the uncertainty on a bounding data set as mentioned 
in Section 4.3.3.2.6 of EMF-2103. A more rigorous treatment was judged to be unnecessary 
based on sensitivity studies that shored that variations in Tmin have a minimal effect on PCT 
and oxidation. 

] The S-RELAP5 Tmin 

The Tmin of [ ] K used in the plant applications is exiremely conservative for the early 
blowdown quench. Consequently, no early blowdown quench is calculated. Therefore, Tmin 
does not affect the stored energy at the end of blowdown. 

All of the reflood test assessments indicate that the tempelature rise period and the PCT depend 
strongly on the film boiling heat transfer and are relatively insensitive to the quench times. 
Furthermore, the calculated quench times fbr FLECHT-SEASET and CCTF low reflood tests are 
mostly later than the data, regardless of what void fraction is calculated at the onset of quench. 
It should also be pointed out that in SRELAP5 the onset of quench requires two conditions: (1) 
surface temperature must be below Tmin and (2) transition boiling heat transfer rate must 
exceed the film boiling heat transfer rate. 

Question 35: Page 5-2 of EMF-2103 states that ‘the plant process parameters are treated 
statistically, however conservative methods also can be used in the absence of adequate data to 
support the statistical use. ” Table 5.1 also does not indicate the followng parameters. Please 
discuss which have been treated statistically and which conservatively in the methodology. 
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Initial Conditions: 

RCS Temperature 
Accumulator line resistance 
Safety Injection Temperature 
Peripheral Assembly Power (how is this bounded) 

Also please discuss how the following model uncertainties are handled and/orjustify their 
omission from the analysis: 

Broken nozzle resistance, K-factor 
Broken loop pump resistance 
Condensation 
Fuel conductivity (before and after burst) 
Fuel density (packing fraction after burst) 
Rod internal pressure 
Cladding burst temperature 
Cladding Burst Strain and average strain 
Metalmater Reaction 

Since different plant designs will have different values and ranges for many of the parameters in 
the above lists, vdl the various parameters be identified in the plantspecific submittals giving the 
distributions or conservative limits? 

Response 35: [ 
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Included in EMF-2103 Revision 0 Section 5 is a sample ptoblem presenting results from a 4- 
loop Westinghouse PWR. As part of the discussion, Table 5.7 is provided showing an example 
of the coverage of specific plant process parameters used in a RLBLOCA analysis. 

Question 36: Please discuss the procedures which will be used to insute that the mnge of 
conditions in the plants for which the Framatome-ANP Rf BLOCA methodology is used am 
consistent with those in the test pmgrams used to assess the code and determine the code 
uncertainties. 

Response 36: In the CSAU methodology, the intent is to deAop a PlRT which defines the 
phenomena which are important for the transient event and plant types being considered. From 
this PlRT an assessment matrix is defined to address the defined important phenomena. Thus, 
the assessment matrix is intended to cover the ranges of the important phenomena for the 
transient event and plant types. However, in practice there is generally insufficient applicable 
test data to fully cover all possible ranges for all important phenomena. Framatome ANP 
believes that a sufficient data range has been covered by the test matrix presented in Tables 4.2 
and 4.3 of EMF-2103(P) to support application of the methodology to the LBLOCA transient for 
W 3 and 4-loop plants and CE 2x4 loop plants. Based on the pmvided PIRT, heat transfer, 
break flow, and ECCS bypass (described by multiple downcomer phenomena) are the dominant 
phenomena influencing clad temperature response in a LBLOCA. The primary components of 
these phenomena are either treated statistically or consenratively and are specifically discussed 
in either the RLBLOCA methodology document (EMF-2103) or the S-RELAP5 Code V&V 
document (EMF-2102). In addition, a detailed anallsis of specific plant results vs the 
assessment matrix ranges has been provided for the primary heat transfer modes in the 
response to RAI #2. 
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Question 37: Fig. 4.4 shows the leakage paths connecting fmm the upper head to the upper 
downcomer. Please discuss the effect of the geometry, resistance and flow rates through these 
junctions on the LBLOCA response expected in the plant designs forwhich the methodology will 
be used. Specifically, M a t  is the impact of modeling this leakage on blowiown temperatures 
and PCT? 
Response 37: The leakage flow paths shown correspond to flow holes drilled in the plate 
between the upper downcomer and the upper head in Westinghouse design plants. It is 
believed that the original intent of the design was to provide a small coolant flow through the 
upper head region to cool components in or connected to this region. The flow holes exist and 
their dimensions are well known. Plants can often provide data on upper downcomer to upper 
head bypass flow. This information is used during input model development for calculating the 
flow resistance that provides the expected bypass. The uncertainty of this bypass is considered 
to be small and it has been judged to ha= a minor influence on PCT and oxidation. 

The dominant PlRT phenomenon associated with this leakage flow is the fluid temperature in 
the upper head region. The upper head contains a significant amount of liquid and the path of 
least resistance for this liquid during the LOCA is downward through support or guide tubes to 
the top of the core and possibly into the core where it can provide significant cooling. The 
temperature of the upper head fluid determines when this fluid reaches saturation pressure and 
begins to flash thus providing the driving force for flow to the core and upper plenum. 

PCTs have been shown to be sensitive to upper head temperature perturbations in sensitivity 
studies. [ 

1 

The major PIRT-related phenomenon of concern is core flow stagnation which is closely 
associated with upper head temperature. Once the steadystate condition has been 
established, the relatively small leakage that occurs between these components is not expected 
to impact clad temperatures. If for a given plant, this leak path has some unique dyamics, this 
will be modeled on a plantspecific basis. 

A relatively simple bypass model is used for leakage between the downcomer and the upper 
head. A junction is applied from the upper head to each radial sector in the downcomer using a 
code calculated flow area option. This produces a relatively large flow area. Loss coefficients 
are then tuned to the plant supplied bpass fraction. Ultimately, this bypass along with flow from 
the exit of the core and/or upper plenum provide the conditions to tune the steadystate upper 
head temperature for the specific plant. The rather large bypass flow area provides essentially 
no momentum flux between these volumes and is necessary to avoid Courant limiting conditions 
in adjacent fluid volumes. 

Question 38: Fig 4.7 shows four half assemblies surrounding the hot assembly. Please 
discuss the use of [ J assemblies versus [ J assemblies since the p o w r  level of these adjacent 
assemblies would affect the thennal conditions and cross flow in these outer assemblies. A 
comparison of the effect of this mdeling on blowdown temperatures and P CT would be helpful. 
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Response 38: [ 

1 

Question 39: Please provide the nodalization sensitivity study results used to arrive at the 
upper plenum and core nodalizations shown in Figs. 4-4 through 4-8. Please discuss the level 
of nodal detail needed to show PCT convergence. Also discuss how the alignment of key 
leakage paths influences the chimney effects observed in the upperplenum studies and noted in 
Table A. 2. 

Response 39: Nodalization convergence of the upper plenum is difficult to demonstrate 
because of the need for multidimensional thermal-hydraulics and the inherent asymmetry of the 
structure. For this reason, the approach taken in establishing the nodalization guidelines for the 
reactor vessel intemals was to examine possible options and choose the most conservative 
configuration. The most important characteristics of nodalization is that it captures the dominant 
phenomenological characteristics and that it accurately describe the structure while ensuring 
practical runtimes. In the upper plenum the key LBLOCA parameters are liquid fallback and 
carryover. [ 

1 
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Question 40: Please discuss the sensitivity of PCT to the CDSS flow resistance in the core and 
how are these resistances are calculated. 

Response 40: The cross flow resistances in the core have been judged to have low importance 
on PCT and, for this reason, have not been included in the PlRT given in Table 3.4 of the 
methodology document (EMF-2103). The Westinghouse Flow Blockage tests were used to 
assess S-RELAPS’S capability at predicting cross flow using the MlODEE component applied 
where two-dimensional hydraulic modeling is necessary. This assessment is documented in 
Section 3.13 of EMF-2102. 

EMF-2054 does reference a proprietary method (EMF-2328(P)(A)) for calculating cross flow 
resistances across rod bundles. The formulation for cross flow resistances in the core is the 
same as that currently used in Framatome ANP’s NRCqpproved SBLOCA methodology. [ 

1 
Question 41 : Reg. Guide 1.157 states that “A distinction from, and transition to laminar 
convection (i.e. Re < 2000) should be made, with a value of the laninar heat transfer for rod 
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bundles that is appropriate for the applicable bundle geometry and flow conditions.” Please 
discuss how the models in Section 4.0 of EMF-2100 meet Reg. Guide 1.157. Also, does the 
heat transfer model for single phase vapor which considers the Sleicher-Rouse correlation and a 
separate natural circulation correlation result in the appropriate heat transfer for Re numbers 
less than 10,000 since the l owr  limit for this correlation is 10,000 (page 4-1 15, EMF-2103)? 
Please discuss the use of the Sleicher-Rouse correlation and the steam cooling model for 
transition and laminar flow. 

Response 41 : The methodology addresses the Reg. Guide 1.157 requirements implicitly in the 
correlations applied for single-phase heat transfer which are described in Sections 4.2 and 4.5 of 
EMF-21OO(P). The correlation for single-phase liquid heat transfer at very low flows is the 
maximum of the Dittus-Boelter correlation and the laminar flow correlation. S-RELAP5 uses a 
Nusselt number of [ 
C O B M R A C  code; however, it has it’s origin with work first presented in Rohsenow and Choi’s 
Heat, Mass, and Momentum Transfer (1 961) and also presented in Tong and Weisman’s 
Thermal Analysis of PWRs (1996). For laminar flow around a cylindrical rod, the minimum 
Nusselt number has been derived as 4.0. Houever, in a rod bundle this is dependent on the 
pitch-todiameter ratio. For most fuel assembly designs for PWRs, this ratio is about 1.3. At 
these dimensions the laminar flow heat transfer Nusselt number is bounded by the value of 
[ ] used in S-RELAPS. 

] for forced convection in the laminar region. EMF-2100 references the 

The Sleicher-Rouse correlation is a composite of a turbulent correlation and laminar correlation. 
The laminar component is simply Nu(lam) = 5.0. This is less than the [ ] value expected for 
laminar flows in typical PWR rod bundle geometries; however, the turbulent component is 
applied for the full range of Reynolds number. To address the turbulent Reynold’s number 
range below 10000, the Sleicher-Rouse correlation was assessed using the 161 -rod bundle 
FLECHT-SEASET Steam Cooling Tests. Figure 41.1 shows that S-RELAP5 (i.e., Sleicher- 
Rouse) conservatively estimates heat transfer in this Reynolds number range. [ 

] To address the laminar range, the 
coincident periods of laminar forced convection from LOFT, Semiscale, FLECHT-SEASET and 
CCTF test were evaluated to validate the applicability of the correlation. Code-todata 
comparisons during these periods show similar clad temperature responses with the code 
generally predicting higher clad temperature increases. This trend is consistent with best- 
estimate to conservative prediction of single-phase vapor heat transfer in the laminar flow range. 
[ 

1 
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Figure 41 .I Calculated to measure single-phase 
for low Reynolds numbers 

vapor heat transfer 

Question 42: How does the critical flow model address Reg. Guide 1.157, Section 3.4.1.1 items 
b and c? 

Response 42: (Additional discussion of the S-RELAP5 critical flow model is given in Response 
to Question 58 and 61 .) Item b states “Recognize thermal nonequilibrium conditions when the 
fluid is subcooled.” A subcooled critical flow model based on Almagir-Lienhard-Jones correlation 
for the onset of vaporization is implemented in S-RELAP5 (see Section 5.1.2.1 of EMF-21 OO(P) 
Revision 4) to handle the thermal non-equilibrium conditions when the fluid is subcooled. 

Item c states “Provide a means of transition from nonequilibrium to equilibrium conditions.” A 
transition region is set up to bridge the subcooled non-equilibrium conditions to the two-phase 
equilibrium conditions (item c). The transition from the subcooled model to the two-phase HEM 
model is discussed in Equations (5.50) to (5.52) of EMF-21OO(P) Revision 4. The basic design 
is to smooth the rapid change in magnitude of the critical mass flow rate and to take care of the 
under prediction of mass flow rate at very low quality by the HEM critical flow model. 

The S-RELAP5 critical mass flow rate is evaluated using the equation of state at the throat. The 
equation of state at the throat is derived from the flow and (non-equilibrium) state conditions at 
the volume center, assuming complete mixing of liquid and vapor phase at the throat. The 
resultant equation of state at the throat can be single phase (subcooled) liquid (equilibrium 
quality less than or equal to 0), two-phase liquid and vapor mixture (equilibrium quality between 
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0 and l ) ,  or single phase vapor (equilibrium quality greater than or equal to 1). The critical flow 
for subcooled liquid is calculated by the Bernoulli equation with pressure undershoot at the 
throat given by the Alamgir-Lienhard-Jones correlation (Section 5.1.2.1 of EMF-21 OO(P) 
Revision 4). The HEM critical flow model is applied when the state at the throat is a two-phase 
mixture (equilibrium quality between 0 and 1). 

The transition from subcooled choking to two-phase choking can be pictorially represented, 
using the saturation pressure (Psat) as onset of vaporization, in three stages as follows: 

_I) d d 
single-phase two-phase single-phase two-phase single- * 

phase P:l= 
c 

Mc1 M=l -1 M<1 M=l M>1 

(see Section 5.1.1.2 of EMF-21OO(P) Revision 4 for a detailed discussion.) In the code, a 
transition region between single phase subcooled and two-phase choking is set up and an 
interpolation scheme is used to calculate the critical flow. The transition region is extended 
sufficiently far into the two-phase region to approximately account for the under prediction of 
mass flow rate at very low quality by the HEM critical flow model. An under-relaxation scheme is 
applied in the transition region to further smooth the solution (see Equation (5.53) of EMF- 
2100(P) Revision 4). 

The critical mass flow rate for single-phase steam is calculated based on the wII-established 
formulation for single phase sound speed (see Response to Question 58). The discontinuity 
between the two-phase HEM sound speed as quality approaches 1 and the single phase steam 
sound speed is not significant; therefore, special treatment is not needed for the transition from 
two-phase to single phase steam. 

Question 43: How does the frictional pressure drop model address Reg. Guide 1.157 item 
3.6.1, which states: ‘3 model for frictional pressure drop to be used in ECCS evaluations 
should: b) be consistent with models used for calculating gravitational and acceleration pressure 
drops. If void fraction models or correlations used to calculate the thlee components of the total 
pressure drop differ from one another, a quantitative justification m s t  be provided?” 
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Response 43: The pressure drops from friction, gravitation and acceleration are calculated 
consistently through the basic fluid field equations. There are no separate correlations used for 
computing the gravitational and acceleration pressure drops. The frictional pressure drop is 
computed from the correlations based on experimental data since it is wll recognized that the 
frictional pressure drop is too complex to calculate from first principles. 

Question 44: How does the post CHF heat transfer model address Reg, Guide I. 157? Item 
3.9. I b), which states a post-CHF flow model should “recognize effects of liquid entrainment, 
thermal radiation, thermal non-equilibrium, low and high mass flow rates, low and high power 
densities, and saturated and subcooled inlet conditions?” 

Response 44: The applicability of the post-CHF heat transfer model is presented in the 
Response to Question 2. The liquid entrainment is treated through the interphase friction 
package. The wall-fluid radiation is explicitly modeled. S-RELAP5 is a two-fluid, nonequilibrium 
system code and the heat transfer to two phases at different temperatures is explicitly modeled. 
All correlations are functions of local conditions (i.e., parameter values at the same location). 
The dependent parameters for the post-CHF correlations are usually void fraction, phasic 
density, phasic temperature, phasic thermal conductivity and heat capacity, Reynolds number, 
mass flow rate, hydraulic diameter, droplet diameter and etc. The location conditions are 
affected by the inlet conditions, powr distributions, and parameter values at other locations. 
Therefore, the mass flow rate, power density and inlet conditions are either explicitly included or 
implicitly treated in the postCHF heat transfer modeling. Test data of various power 
distributions and different inlet conditions are used to validate the applicability and capability of 
the model. 

Question 45: To understand the two-dimensional model behavior, please show the results of a 
test problem to verify the convection of lateral momentum by the vertical velocity, A sinple ring 
noding problem can be developed that represents the flow from a downcomer and a break in a 
hot leg which shows flows for both vapor and liquid. 

Response 45: There is a two-dimensional gas velocity profile shown on Page 5-50 of EMF- 
2100(P) Revision 4. The profile is reproduced in the following. 
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Also, in Section 3.13 of EMF-2102(P) Revision 0, there are a number of plots (Figures 3.13.6 to 
3.13.1 1, 3.13.13 to 3.1 3.18, and 3.1 3.20 to 3.13.25)showing the axial fluid velocity vs. 
transverse distance. Shown below is an example of the figures. 
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The above two sets of figures demonstrate that under single phase conditions, where the 
numerics is not affected by the interphase friction model, S-RELAP5 produces correct two- 
dimensional flow patterns, either as expected or in good agreement with the data. Examples of 
the two-dimensional flow solution for two-phase are given and discussed in the response to 
Question 122. 

Question 46: Anomalous flow circulation has been shown to develop, for example, between 
parallel pipes, that are of a numerical nature and cannot easily be corrected without the aid of 
additional form losses (see Proceedings of ICONE8, s'h International Conference on Nuclear 
Engineering, "Recirculating Flow Anomaly Problem Solution Method, 'I D. Lucas, April 2-6, 2000, 
paper # 8479). Please discuss the capabilities of SRELAPS with regard to the sample flow 
problem presented in this paper and steps to resolve this anomalous flow behavior potential. In 
addition, discuss whether or not the new 2-0 model introduces these numerical anomalies as 
seen in 1-D formulations. 

Response 46: One of the purposes of implementing the two-dimensional numerics in S-RELAP5 
is to prevent the anomalous flow behavior between parallel pipes. In hundreds of assessment 
and plant calculations, no recirculating flow anomalies are observed in the two-dimensional 
nodalizations. The 2-D model was developed explicitly to be used in the simulation of 
downcomer regions and the core region. Consistent with the design of the model, it has been 
assessed using data from downcomer and core tests. The 2-D model applied in the dowcomer 
applications was assessed using data from the full scale UPTF Test 6. The 2-D model as used in 
the core was assessed using data from flow blockage tests. The results of those comparisons 
were discussed in EMF-2102 and EMF-2103. 

Figure 46.1 shows the nodalization for the recirculating flow anomaly problem from the input 
deck supplied by NRC. Volume 710 is a timedependent volume, representing the ECC source. 
Junction 71 1 is a timedependent junction, providing the ECC injection into Volume 175. 
Junctions 17501 and 17502 connect two parallel volumes (pipes), Volume 160 and Volume 130. 
Volume 715 is another timedependent volume which served as the sink for the system. All 
volumes are vertically oriented. Except for Volume 710, all volumes are initialized with liquid at 
2200 psia and 55OoF. 

In the original problem (base case), the condition for the ECC source volume 710 is liquid at 
2200 psia and 90OF. The 90°F cold water is injected into Volume 175 at a rate of 96 Ibm/sec 
through Junction 71 1. Figure 46.2 shows the flow distribution into the two parallel pipes. After 
the cold water enters Volume 175, the water in Volume 175 becomes colder than the water in 
the two pipes (i.e., Volume 130 and 160) below. The tendency for the cold water to move down 
and warm water to move up produces the initial period of recirculation flow pattern. Eventually, 
the flow becomes steady to an asymmetric pattern with all water flowing into one pipe and none 
flowing into the other pipe. The initial recirculating flow pattern establishes the density difference 
between the two pipes (Volume 160 and Volume 130). The gravity head difference from the 
density difference balances the pressure difference for the flow and the final flow becomes 
asymmetric: the flow rate at Junction 17502 is 96 Ibm/sec and that at junction 17501 is Ero, i.e., 
all cold water flows into the Volume 130 and none into Volume 160. lhe asymmetric solution is 
physically possible due to the small flow rate and the temperature difference present in the 
system. 

To further explain the phenomenon exhibited in the base case calculation, three sensitivity 
calculations were performed. In the first sensitivity calculation, the injection rate is unchanged 
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(i.e., 96 Ibm/sec), but the ECC temperature (Volume 710 temperature) is set at 55OoF, same as 
the rest of the system. Shown in Figure 46.3 is the flow distribution for this calculation. There is 
no initial recirculation period and the flow is evenly split: each of the two junctions, 17501 and 
17502, has a flow rate of 48 Ibmlsec. Thus, if there is no temperature difference between the 
injection water and the water in the rest of the system, the asymmetric flow pattern will not occur. 

In the second sensitivity calculation, 90°F water is injected into Volume 175 at a rate of 300 
Ibm/sec. Figure 46. 4 shows the results for this case. Again, the initial period of recirculation is 
not present and the flow is symmetric. This demonstrates that the asymmetric solution is not 
possible if the injection rate is sufficiently high to overcome the thermal head. 

For the third sensitivity calculation, the ECC temperature is at 90°F and the injection is at 300 
Ibm/sec for the first 200 seconds and then reduced to 96 Ibm/sec for the rest of the time. Figure 
46.5 shows the flow pattern for this case. During the first 200 seconds of the transient, the flow 
rate is equal into the two parallel pipes, each having 150 Ibm/sec. Also the temperature of the 
system excluding the ECC source volume is reduced from 550°F to close to 90°F at the end of 
the first 200 second period. When the flow rate is reduced to 96 Ibm/sec after 200 seconds, a 
small recirculation occurs for a short time period. However, the temperature imbalance is not 
large enough to produce permanent asymmetric flow and the flow becomes equal in the two 
directions at about 1200 seconds into the transient. These three cases demonstrate that the 
symmetric steady flow pattern for the parallel pipes can be obtained under suitable conditions. 

Finally, an additional calculation was made to demonstrate the effect of replacing the parallel 
pipes by a 2-D component. In this case, Volume 160 and 130 ae replaced by a 2-D annulus 
(TWODEE-A) component, similar to the nodalization used for a downcomer. The 2-D 
component has 6 axial levels and 2 azimuthal sectors. The two azimuthal sectors are identical 
and have the same flow area as that for the parallel pipes. The total length of the six axial levels 
is equal to the length ofVolume 130 (or 160) in the base input deck. All wlumes excluding 
Volume 710 are set at 2200 psia and 550°F at the beginning ofthe transient. The ECC source 
volume (Volume 710) is at 2200 psia and 90°F at all times. Figue 46.6 shows the flow 
distribution with the 2-D component. The slow injection of cold water on top of warm water still 
produces an initial recirculating flow pattern, similar to that for the parallel pipes. The 
recirculation ceases at about 1200 seconds and the low becomes evenly distributed. Thus, the 
difference between the 2-D component and the parallel pipes is that the steady state flow is 
symmetric for the 2D component and is asynmetric for the parallel pipes. 
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Figure 46.1 Sketch of Nodalization 
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Figure 46.2 Flow Split for the (base) Case of Cold Water (90 F) 
Injecting into Volume 175 at 96 lbmlsec 
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Figure 46.3 Flow Split for the Case of Warm Water (550 F) 
Injecting into Volume 175 at 96 lbmlsec 
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Figure 46.4 Flow Split for the Case of Cold Water (90 F) 
Injecting into Volume 175 at 300 lbmlsec 
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Figure 46.5 Flow Split for the Case of Cold Water (90 F) Injecting into Volume 175 at 
300 Ibdsec for the First 200 sec and at 96 lbmlsec for the Remaining Time 
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Figure 46.6 Flow Split for the Case of Cold Water (90 F) Injecting into Volume 175 at 
96 Ibm/sec with the Parallel Pipes Replaced by a 2-D Component 

Question 47: Recent reviews of thermal-hydraulic analysis computer codes have questioned 
the accuracy of momentum flux terms such as given by €9. 2.176 in EM-2100. Please pmvide 
and discuss: 

-The numerical form of the momentum equations in S-RELAPS their reduction to the Bernoulli 
“type” equation, 

-The S-RELAP5 calculated Bernoulli expression versus flow channel cell number for a 1-D and 
2-0 pipe with and without a contraction and an expansion. A sinple problem can be defined 
having a constant flow area and variable flow area and elevation change w’th the pressure, 
kinetic, and potential energy terms calculated by S-RELA P5 for both vapor and liquid. 

-Application of S-RELAPS to the Fenell-McGee data for flow through a pipe with expansions 
and contractions. (see Fen-ell, J. K. and *Gee, J. W , “Two-phase Flow through Abrupt 
Expansions and Contractions”, TlD-23394, 1966.) 
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Response 47: The momentum flux terms are described in the fluid field equations as 

V.VV (47.1) 

For a l -D pipe, the flux terms are of the form: 

(47.2) 

Expressing in the finite difference form over a momentum cell j connecting Volume K and L, the 
above equation becomes 

2 2  1 v, -v, - 
2 Axj 

(47.3) 

where the subscripts K and L denote the ‘Volume” velocities at the centers of Volume K and L, 
respectively, and Axj is the length (straight line distance) between the two volume centers. The 
volume velocities are defined in Equations (2.1 06) through (2.1 08) of EMF-21OO(P) Revision 4. 
In a semiimplicit scheme, the volume velocities are evaluated at the old time (n-th timestep). 
The expression (47.3) is unstable. Consequently, the flux terms are approximated by a donor- 
like formation: 

(47.4) 

The donor-like velocity vp is the velocity at the outlet side of Volume L if v: is positive and is the 

velocity at the inlet side ofVolume L if v: is negative (see Equations (2.1 17), (2.106) and 
(2.107) of EMF-21 OO(P) Revision 4). The expression (47.4) is a hybrid of central difference and 
upwind difference, and is equivalent to the momentum flux formulation used in RELAP5/MOD3: 

1 -[ 1 1  -][(v2): -(v2): +viscous term 
2 Axj 

(47.5) 

(see Equations (3.1-1 03) through (3.1 -1 06) of NUREGKR-5535 RELAPWMOD3 Code Manual 
Vol. 1). The above equation indicates that the finite difference representation is dissipative. 
The RELAP5 numerical solution methods have been well established over the course of about 
30 years’ development and improvement. Verification work has also been performed at 
Framatome ANP to show that the numerical schemes are implemented properly. An example to 
demonstrate the accuracy of the expression (47.4) for the momentum flux is depicted in the 
following three slides, which were presented in the review meeting for Framatome ANP 
(Siemens) Appendix-K SBLOCA methodology (August 8-9, 2000). 
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SIEMENS 

Momentum Conservation Equations 
ExDansion-Contraction Test Problem 

- Motivation 

+ Check accuracy of momentum flux terms 

- Test Geometry 

- Test Conditions 

. Tube with 4:l area contraction and expansion 

. Single-phase liquid (-incompressible) with no wall friction or irreversible 
losses 

RAW0 m m5 
Mloo 

117 
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Momentum Conservation Equations 
Expansion-Contraction Test Problem 

Differencing Schemes 
- Central Difference 

. Second order accuracy but unstable 

. Upwind Difference 
- First order accuracy (i.e. dissipative) but stable 

= -(p>,(v,-vJ-,) 

* S-RELAP5 
. Stable, high accuracy for area changes but can be dissipative 

AP = -+p , (vLvL-vKvK)  

118 

SIEMENS 

Momentum Conservation Equations 
Expansion-Contraction Test Problem 
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The last slide shows that the S-RELAPS approximation to the Bernoulli form is quite accurate. 
It should be pointed out that Volume K and Volume L maynot have the same flow area and 
there may be a bend between the two volumes. S-RELAP5 does not explicitly treat the force 
balances around the bend and at the abrupt area change. The flow restrictions (bends and area 
changes) are approximated by using energy-loss coefficients, which are generally obtained from 
Idelchik’s Handbook or Crane’s Handbook. 

1 

The Ferrel-McGee Test 2C-7 was simulated using S-RELAPS. The test conditions were: 

Pressure 120 psia 
Flow Rate 11 50 Ib/hr 
Qua I i t y 0.076 

The test section geometry modeled was: 

Lower Length 24 in 
Diameter 0.46 in 
E/D 0.00005 

Diameter 0.59 in 
E/D 0.00002 

Upper Length 48 in 

The RLBLOCA Methodology specifies that abrupt area changes be modeled using the abrupt 
area change model without codecomputed form loss terms. The terms are required to be 
specified by other means. For the Ferrel-McGee problem, the form losses were computed from 
Crane (Reference 2) and are computed (using diameters) as: 

Kcontraction = 0.5 [ 1 - h) = 0.5 [ 1 - s) = 0.1 96 
‘large 
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The S-RELAP5 nodalization diagram for the Ferrel-McGee experiment is shown in Figure 47.1. 
With the exception of the test pressure, the problem was run to steady conditions with the above 
specified input. The system pressure was set to 1 18 psia to better approximate the 1 17.976 
psia measured pressure at the test section e>dt. At the end of the calculation, the pressures 
were recorded and plotted as a function of test section length, show in Figure 47.2. The filled 
circles are the measured data at the specified measurement locations while the S-RELAPS 
results are the open squares representing the cell centered pressures. Note that if the S- 
RELAPS momentum equation was integrated continuously over the test section, the pressures 
at the 24 in level would overlay the data. Since the pressure drop though the test section 
depends on the two phase friction and the two phase pressure drop through the expansion, the 
good agreement of S-RELAPS to the measurements show that the two-phase wall friction is 
acceptable, especially at low pressures, and that using the single phase loss coefficient for 
abrupt area changes under two phase conditions is acceptable. 

References 

1) Ferrel, JK and McGee, JW, US AEC Report, “Two Phase Flow Through Abrupt Expansions 
and Contractions”, TID-23394 Volume 3 (1 966). 

2) Crane Co., “Flow of Fluids Through Valve and Fittings”, Tech. Paper 410, 1982. 

12 nodes, 6‘ each 

Figure 47.1 S-RELAP5 Nodalization for the Ferrel-McGee Experiment 
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Figure 47.2 Comparison of Measured and Calculated Pressures from 
the S-RELAP5 Simulation of the Ferrel-McGee Test 2C-7 

Question 48: Please discuss the stability analysis forthe numerical scheme presented in 
Section 2.6.5 of EMF-21 00. Include a discussion of a consistency analysis of the finite 
difference equations and, as discussed in Section 2.6.4, justification of the use of the value of C 
= 0.35 when evaluating Eqs. 2.124 and 2.125. Include in the discussion the eason why the 
value of C must be within the range 0.0 to 0.5 forstability. 

Response 48: A general discussion of stability of the semiimplicit numerical solution scheme is 
presented in Section 2.6 of EMF-21OO(P) Revision 4. Comprehensive stability analysis for the 
complex two-phase flow system is not possible. The S-RELAP5 numerical scheme is essentially 
the same as the RELAP5 scheme and has been empirically proven to be stable. The adequacy 
of the S-RELAP5 numerical scheme has also been demonstrated by the ability of the code to 
simulate the tests reported in EMF-2102(P) Revision 0. 
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The central difference scheme is secondader accuracy and unstable and the upwind difference 
(donor) scheme is stable with first-order accuracy (see the response to Question 47). The S- 
RELAPS difference scheme for the direct and cross-product momentum flux terms: 

is a hybrid of the central difference and upwind difference schemes. The hybrid scheme has 
high accuracy and is stable as demonstrated in Response to Question 47. The upwind 
difference part does introduce some dissipation, which is necessary for stability. The use of 
"volume-average" velocities (see Sections 2.6.2, 2.6.3 and 2.6.4 of EMF-2100), instead of 
junction velocities, enables the code to treat consistently the multiple junctions connecting to a 
side of a volume, which can be used for connections between l -D and 2-D components. The 
weighting factors used in the "volume-average" velocities (see Equations 2.106 to 2.108 of EMF- 
2100(P) Revision 4) imply that the fluid does not come to rest at the 'Lvall", i.e., the inviscid fluid 
assumption is invoked, and the flow resistances, such as wall friction, are modeled as "added- 
on" by using friction factor correlations. 

The downstream (acceptor) difference is used only when the upstream difference is not present. 
This is not necessary and is performed only to improve the accuracy. The criterion of O<C<O.5 is 
based on the analysis of the mixing upwind (upstream) difference and downstream difference for 
the first order linear hyperbolic partial differential equation. Since the dowstream difference is 
used under special circumstance and the difference scheme for momentum flux terms is 
expressed in a more complex form, the simple criterion may not be applicable. Experience 
indicates that there is no stability problem for any value of 0 I C I 1. The value of C=0.35 is 
empirically determined to be preferable based on certain sensitivity studies performed years ago. 
The scheme has been demonstrated to be adequate in the performance of the assessments 
reported in EMF-2102(P) Revision 0. 

A stability analysis was performed by Stewart (Journal of Computational Physics, 33, 259-270, 
1979) on an equation set similarto that found in RELAP5 and S-RELAPS. In that analysis, 
Stewart stated that a 'Lax-Richtmyer type of stability analysis cannot be performed" due to the 
equation set having complex characteristics. Stewart then showed stability for the two-phase 
equation set was achieved under two conditions: 1) the combination of time step, node size and 

velocity must satisfy v- < 1 , i.e. the Courant limit, and 2) momentum exchange. Stewart 

further showed numerical experiments which indicated that there are minimum node sizes where 
high frequency instabilities may occur. Based on Stewart's work, Shieh, et.al, (NUREGICR- 
5535, Volume 6, October 1994) performed a similar stability demonstration with RELAP5IMOD3. 

At 
Ax 

Framatome purposely sought an existing code to form the basis of the RLBLOCA methodology. 
The significant advantages for adopting an existing code include model and theory development, 
assessment, and documentation. Ha\ring adopted RELAPS, additional model dewlopment, 
assessments, and documentation efforts were made to support the RLBLOCA methodology. 
Consequently, there are several sources of information available to Framatome in support of the 
RLBLOCA submittal. Since the semiimplicit numerical scheme in S-RELAP5 is identical to the 
one used in RELAPWMOD3, the stability analysis presented in NUREG/CR-5535, Volume 6, is 
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applicable and therefore satisfies the stability and consistency issues contained in RAI number 
48. 

The next discussion concerns the multiplier C= 0.35. This multiplier is applied to specific 
occurrences where upwind differencing is not available, such as node boundaries representing 
walls and velocity direction is away from the wall. Ignoring the cross derivative would be 
acceptable under these conditions, however increased accuracy was desired. In lieu of using 
center differencing, a method for using combined upwind and downwind differencing by Murray 
was investigated. Murray (RELAP5 International Users Seminar, Boston, 1993) developed a 
method for using a weighted combination of upstream and downstream differencing: 

Murray performed a stability analysis using a linear Euler equation, and determined the criteria 
for stability was: 

vAt 
( )Ax 

q = l -  20-1 - 

where 

Ax 

1 - < a l l  
2 

In S-RELAP5, the upwind difference is set to zero and C = 1 - o = 0.35. The value of 0.35 was 
determined by the best fit to LOFT L2-6 clad temperatures, specifically the early quenching 
immediately after the blowdown peak. However, the code version and system model that were 
used in the testing ate no longer applicable. In the current code version and LOFT model, the 
effects of using this model are not readily apparent. 

Question 49: During the review of S-RELAP5 for application to 10 CFR Part 50, Appendix K 
small-break LOCA analysis, concerns were raised regarding the completeness of the formulation 
of the momentum equation. Specifically, the momentum equation as formulated is a vector 
equation that can only be reduced to 1-D if the flows and forces act in a single direction and hard 
surface reaction forces have also been omitted. Also, the momentum equation can only be 
reduced to Bernoulli's equation for pipes by integrating the differential form of the momentum 
balance along a streamline. Please discuss the momentum equation and its application to the 
reactor coolant system when major portions are modeled as a series of variable flow areas, 1-D 
straight pipes, and flow channels with bends. 
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Response 49: The S-RELAP5 field equations are written for a space filled with fluid. The 
structures are not explicitly considered. The nodalization consists of volumes (cells) and 
junctions (with no length) forming straight pipes and two-dimensional grids. The fluid is assumed 
to be inviscid. The effects from walls, bends, and abrupt area changes are superimposed (or 
added-on) to the field equations by using friction factor correlations for volume wall frictions, and 
energy-loss coefficients on junctions for bends and abrupt area changes. The energy-loss 
coefficients for flow restrictions (i.e., bends and abrupt area changes) are generally obtained 
from Idelchik's Handbook or Crane's Handbook. The approach has been widely used in the 
industry for the modeling of reactor systems and its adequacy has been demonstrated by the 
ability of the code to simulate the tests teported in EMF-2102(P) Revision 0. 

The momentum flux term 

for the l -D component or the x-direction of a 2-D component is in the Bernoulli form. It can be 
expressed in finitedifference form over a momentum cell j connecting Volume K and L (see 
Figure 2.2 or 2.3 of EMF-21OO(P) Revision 4) as 

2 Axj 

where Axj is the momentum cell length (in the x-direction), which is equal to half of the sum of 
the two volume lengths (in the x-direction), and the subscripts K and L denote the Aocities at 
the centers of the two volumes (i.e., the tw ends of the junction) respectively. Of course, the 
above equation is known to be unstable and donor-like velocities as shown in Equations (2.1 16) 
and (2.117) of EMF-2lOO(P) Revision 4 must be used. The point to be stressed is that 
streamline integration is not required to obtain the momentum equation in the Bernoulli form, 
even though integration is used in Equation (2.1 15) of EMF-21OO(P) Revision 4. 

Question 50: Please discuss the manner in which S-RELAPS indicates to the userthat mass, 
energy, and momentum are conserved in a plant application. Is there a measure that shows in 
the code output that the above parameters are conserved? 

Response 50: Mass conservation is shown on the S-RELAP5 output. However, there is 
currently no direct printout in the S-RELAPS output that indicates whether energy or momentum 
have been conserved. This would require significant additional calculations in the code, 
increasing run time and finally the cost of using the code. Therefore, the conservation of 
momentum and energy are only indirectly evaluated. 

Momentum equations are force equations and show up on the output as pressure drops across 
various portions of the systems. They can be checked against plant data in a steadystate 
calculation. For transient calculations, the calculated differential pressures can be checked 
against test data. S-RELAP5 output does not display any measure of energy conservation. 
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Users can use control variables to set up the measure to check the energy conservation for the 
entire system or parts of the system. 

As indicated, the conservation of momentum and energy are not directly checked in the code but 
can be evaluated based on the following. First there is the results of all the assessments. For 
each of these assessments the code is first brought to a steady state which is checked against 
the initial conditions for the assessment. The fact that the code is able to attain steadystate 
conditions that are in agreement with measured data indicates that the momentum and enegy 
are being conserved. If not, and they were constantly being perturbed, the code would not settle 
out to a steady state, let alone one that w s  in agreement with the measured conditions. 

Secondly, the execution of the assessment transients provide a comparison of the calculated 
and measured pressure profiles during the transient. The pressure profiles are dependent upon 
both the momentum and the energy and if either were not being conserved then poor agreement 
would be expected between the data and the calculation. Howver, for the four LOFT and two 
Semiscale assessments, the agreement between the calculated and measured pressure profiles 
are good to excellent (See Figures 4.1.5, 4.1.37, 4.1.74, 4.1.1 1 1, 4.2.6, and 4.2.30 ofEMF- 
2102(P) Revision 0). This good agreement indicates that the code tleatment of both the 
momentum and energy equations is adequate for use in the performance of LBLOCA analyses. 

With respect to the actual plant calculations, the code is dliven to a steady state condition and 
this steady state condition is checked against the plant opetating conditions. In addition, the 
primary to secondary energy balance is also checked. These checks provide the assurance that 
the code and plant specific model is adequately modeling the plant. The fact that the code 
attains a steady state condition that corresponds to the actual plant operating conditions is the 
primary indication to the analyst that the code is functioning as intended. 

An example demonstrating that S-RELAP5 numerics conserved energy was presented during 
the August 8 and 9, 2000 presentation of the SBLOCA methodology and is reproduced below. 
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SIEMENS 

Energy Conservation Equations 
Vessel Blowdown Example Problem 

Motivation 
. Check energy conservation for flow 

across a large pressure drop (e.g., 
choke plane) 

. Initial Conditions 
. Vessel - saturated water at 150 bar 

Containment - steam at 1 bar 
D = l  m . Test Parameter 

- Sum of internal energy for system with 
KE and PE assumed negligible 

AE = [E(+E"]/Efl 

I 

D = l O m  -+ 1 
SIEMENS 

Energy Conservation Equations 
Vessel Blowdown Example Problem 

D W 4 D  

NOTE: Ener~y error IS normalized to iritial value. 

I D  2D 30 
T I M  (s) 
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Question 51 : Please discuss the omssion of the viscous shear term in the 2-0 formulation. 
Include a discussion of the consequence of the omssion of this tern, for example, in the hot 
bundle and hot channel during early reflood when the Re numbers are in the range 7,000 to 
2,000. Are there low flow conditions during the LOCA (blowdown, refill, reflood, long term during 
downcomer boiling) where omission of this tern would affect the hot channel thermal behavior 
and/or hot rod PCT? 

Response 51 : The discussion of omission of the viscous shear terms has been presented on 
Page 2-5 of EMF-21 OO(P) Revision 4. In the reactor vessel, the dominating surface stress 
forces are wall friction in single phase flow and wall friction and interphase friction in two phase 
flow; the viscous shear is insignificant relative to those forces, and thus not important. The 
conclusion of the PlRT was that wall friction did not have a sufficiently significant effect to be 
considered for uncertainty analysis; therefore there was no reason to consider the effect of 
viscous shear. The low flow conditions are treated in the wall friction and heat transfer 
coefficient correlations. Furthermore, unless sufficiently fine nodes are used, such as those for 
CFD codes, inclusion of the viscous shear terms in a system code only contributes to 
background noise. 

Question 52: Please discuss the numerical solution strategy described in Section 2.6.5.1 fora 
single 1-D pipe and a second system using a 1-D loop connected to a 243 component. Include 
a discussion of the development of the coefficients fmm the numerical approximation to the 
conservation equations and the tri-diagonal matrix, along with the column vectors containing the 
source terms. 

Response 52: In S-RELAP5, all volumes and junctions, regardless of what components they 
belong to, are treated equally in the solution scheme. The overall solution strategy is to reduce 
the conservation equations into a set of linearly independent equations where there is only one 
equation and one unknown per hydrodynamic volume. The process is described in EMF-2100 
Sections 2.6.5.1 and 2.6.5.2. In Section 2.6.5.1, the frst transformation using the momentum 
equation is described. The key point is the reduction of Equations 2.120 and 2.121 into 
Equation 2.135. Briefly, the process consists of adding and subtracting the old time pressure 
drop 

(P; -P,")-(P; -P,") 

into Equations 2.120 and 2.121 , thus brming Equation 2.127. Using matrix notation, Equation 
2.127 can be written as: 

A i i=b+e 

solving for velocity (2 )  

where 2 is the left hand side, while A-'b and A-'e are the right hand terms (old time velocity 
and pressure drop, respectively) of Equation 2.135. Substituting Equation 2.135 into the mass 
and energy equations (described in Section 2.6.5.2) results in one equation for change in 
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pressure (P:” - P: ) per hydrodynamic volume, hence a set of ‘N’ equations with ‘N’ unknowns. 
It is easily shown that they form a linearly independent set of equations. Thus, the concept of tri- 
diagonal is immaterial. Also, since the orthogonal derivatives that appear in the 2-D momentum 
equation are old time terms and are contained in 6 ,  no additional development is required. 

Thus, the S-RELAP5 solution scheme is entirely different from that of TRAC-M. The derivation 
is described in Section 2.6 which demonstrates that the derivation of the S-RELAP5 numerical 
scheme is the most complete when compared to TRAC and other system codes. The TRAC-M 
manual describes the matrix in general form without specifying the coefficients. S-RELAP5 
provides all the actual coefficients. 

The S-RELAP5 solution scheme does not solve the I-D and 2-D components separately. Once 
the finite difference terms are obtained, the basic elements are volumes and junctions. There is 
no distinction between 2-D and 1 -D junctions or volumes in the finite difference equations. Each 
junction has two momentum equations (vapor and liquid velocities). Section 2.6.5.1 solws the 
liquid and vapor velocities in terms of pressure changes of the connection volumes. Section 
2.6.5.2 describes the analytical steps to eliminate the mid fraction, liquid internal energy, vapor 
internal energy, and noncondensable quality from the two mass balances, one noncondensable, 
and two energy balance equations to obtain a pressure equation for each volume. The resultant 
pressure equation is shown in Equation (2.208) with all the terms described in Equations (2.209) 
through (2.215). The text in the last paragraph describes how a system of NxN sparse matrix is 
obtained for a problem with N volumes. In general form, the pressure equations for an N-volume 
problem are: 

A x = b  

or 

where a, (i + j) is zero if no junction connects volume I and volume j. The elements bl and 
nonzero aij ‘s are the terms given in Equations (2.209) through (2.215) of EMF-2100 (P) Revision 
4. The pressure matrix subroutine PRESEQ is coded in accordance with the steps and the 
terms developed in Section 2.6.5.2. 

Question 53: Please discuss the method and model used to simulate the ECC entering and 
mixing in the discharge legs? Also, since ECC water can enter the loop seal during rapid SIT 
injection, please discuss how S-RELAPS captures this behavior. What is the effect of loop seal 
refill on steam binding, the reflood rate, and the PCT? 

Response 53: There is no special component or process model for the ECC mixing. The 
applicability and adequacy of S-RELAP5 to simulate ECC mixjng have been shown in the 
assessments of UPTF test 8,  Westinghouse/EPRI One-Third Scale Test, and LOFT LBLOCA 
Tests. The back flow of SIT ECC water either does not occur or is not significant in LOCA 
events due to (1) the pump design provides physical barriers to hinder or prevent back flow into 
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the loop seal and (2) the steam flow from the core to steam generator and then to cold leg is 
sufficiently strong and the pressure drop due to condensation is sufficiently large to prevent back 
flow. In UPTF Test 8,  there is no evidence of any significant back flow to the loop seal in either 
the calculations or the data. 

Question 54: Please provide the comparisons of the S-RELAPS predictions to the Marviken 
test system pressure for the tests presented in EMF-27 02, Section 3.5. Discuss how the 
uncertainty in break flow was determined. Does the S-RELAPS model include wall heat 
structures? If not, discuss the effect of the omssion of wall heat on the results. 

Response 54: The following nine figures show the comparison of pressure near the nozzle 
entrance for the nine tests. The measured pressures exhibit some fluctuations, except for Test 
2. The calculation of break flow uncertainty is discussed on Section 3.5.5 of EMF-2102. The 
wall heat structures are not included. There are no accurate data available for wall heat 
structure modeling. In any case, the contribution from the walls to the critical flow calculation is 
insignificant since the wall and fluid are roughly at the same temperature initially and the fluid 
temperature change during the very short transient is rather small, particularly in the discharge 
pipe and nozzle section. The key point is to obtain sufficiently accurate fluid conditions 
upstream of the break. 
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Marviken Test 25 
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Question 55: What is the cause of the dtup in mass flow rate at 75 seconds in Fig. 3.5.18 and 
at 20 seconds in Fig. 3.5.22 presented in EMF-21 02? Why was the S-RELAP5 prediction not 
shown to completion in Figs. 74, 75, 18, 27, and 22? 

Response 55: The mass flow rate drops at 75 seconds because steam has reached the bottom 
of the vessel in the calculation eariier than the test. As discussed in the last sentence ofsection 
3.5.4 of EMF-’Ll02(P) Revision 0, the calculation time Rr all tests are the same or close to the 
duration of the experiment as specified in NUREG/CR-2671 (Reference 3.5.3 of EMF-21 02(P) 
Revision 0). The test was terminated when the ball valve began to close orwhen steam entered 
the discharge pipe (the last sentence of the paragraph next to the last on Page 3.53 of EMF- 
21 02(P) Revision 0). Apparently, the flow measurement was not stopped at the termination of 
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the test. The closure of the ball valve is not simulated in the calculation; thetefore, there is no 
point to carry out the calculation further than the specified test period. 

Question 56: The comparisons to the data show that the transition from single-phase to t w -  
phase conditions is not w l l  predicted. Please discuss the expected transition in the plant 
calculations, including effect of persistence of the duration of the transition period for an 
extended time and the error introduced in the calculation that is not captuted by the uncertainty 
evaluated from the Marviken test comparisons. Include a discussion of the effect of the duation 
of the transition period the uncertainty in the break flow model determined from the Marviken 
tests. 

Response 56: [ 

1 
The duration of the transition period is typically 5-15 seconds in the Marviken tests and is 

typically less than 5 sec in the plant calculations. Therefore, the Marviken transition period data 
are more than sufficient to cover the plant applications. 

Question 57: Does the critical flow model uncertainty show a dependence on UD for all fluid 
conditions? Please discuss the lack of this effect in the uncetainty evaluation. 

Response 57: The critical flow uncertainty does not have a dependence on UD. Any geometry 
dependence, including UD, of the critical flow model is implicitly taken into account in the critical 
flow uncertainty analysis. In the plant applications, the geometly dependence is accounted for 
mainly through the break size spectrum analysis. 

Question 58: How is the critical flow rate calculated m e n  superheated steam exits the break? 
Please discuss the uncertainty in the break flow model under these conditions. 

Question 59: No tests w r e  provided to show the capability of the code to predict pure steam 
flow out the break. Were comparisons of S-RELAPS with data for saturated steam flow, to 
Marviken Test 7 I, petformed? Please discuss the uncertainty in the break flow model for 
saturated steam. 

Response to 58 and 59: The single-phase steam critical flow is calculated based on the sound 
speed formulation: 

where a, P, S, p, and V are, respectively, sound speed, pressure, entropy, and specific volume. 
This theoretical model for single-phase vapor choking has been well established. In plant 
calculations with cold leg breaks, steam always mixes with subcooled water before going out of 
the breaks; therefore, single phase steam choking does not occur. Thus, during the period when 
the break flow is choked, the two-phase critical flow model as exhibited in the Marviken Critical 
Flow Tests is applicable to plant calculations. 
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Question 60: Were comparisons perfonned between S-RELAPS and data for vessel blowdown, 
such as Allemann, “Experimental High Enthalpy Blodown from a Simple Vessel through a 
Bottom Outlet, ” BNWL-1111, Battelle Northwest Laboratory, 1970? If so, please discuss the 
results of the corparisons. 

Response 60: The particular test has not been used for assessment by system codes such as 
C O B M R A C ,  TRAC and RELAPS. Framatome ANP has no data amilable to perform the 
assessment of the test. Furthermore, the Full Scale Marviken Critical Flow Tests used for critical 
flow uncertainty analysis are essentially blowdown tests from the vessel bottom. 

Question 61 : HEM is an equilibn’um break flow model. Since HEM is applied to tm-phase 
conditions, and since non-equilibrium conditions can exist at the break with combinations of 
subcooled liquid with saturated or supeheated steam (or saturated liquid with superheated 
steam) exiting the system, how are these conditions handled wlh the S-RELAPS critical flow 
model? What is the uncertainty in the break flow model under non-equilibrium conditions? 

Response 61: In evaluating the critical mass flow rate, S-RELAP5 derives the equation of state 
at the throat from the flow and state conditions at the mlume center, assuming complete mixing 
of liquid and vapor phase at the throat. At the volume center upstream of the break, the flow is 
non-homogeneous (vapor velocity + liquid) and non-equilibrium (vapor temperature # liquid 
temperature). With the equilibrium assumption, the resultant equation of state at the thmat can 
be single-phase (subcooled) liquid (equilibrium quality less than or equal to 0), two-phase liquid 
and vapor mixture (equilibrium quality between 0 and I), or single-phase vapor (equilibrium 
quality greater than or equal to 1). The HEM critical flow model is applied when the state at the 
throat is a two-phase mixture (equilibrium quality between 0 and 1). 

During the reflood period of a LBLOCA superheated steam and subcooled liquid can exit the 
break together. Since there is sufficient amount of highly subcooled ECC water to bring down 
the superheated steam to saturation, the equilibrium quality of the two-phase mixture at the 
volume is less than 1, particularly during the period when the break is choked. Therefore, the 
critical mass rate computation is within the range of the subcooled single phase and tva-phase 
HEM critical flow model. It should be pointed out that the HEMcritical flow model assumes 
complete mixing of vapor and liquid to compute the maximum allowable mass flow rate through 
the break, but it does not really turn the nonequilibrium conditions into equilibrium conditions. If 
the steam is superheated at the volume center, it will exit the break with the same amount of 
superheat whether the break is choked or not. 

The critical flow uncertainty for the subcooled single-phase and two-phase choking is obtained 
from the analysis of nine Marviken Full Scale Critical Flow Tests, which Framatome, ANP has 
data for. Since the steam in the Marviken Critical Flow Tests is saturated, the concern is: what is 
the critical flow uncertainty if the upstream steam is superheated? There are insufficient 
separate-effects data available to perform uncertainty analysis for such conditions. It is beliewd 
that the uncertainty analysis from the Marviken Critical Flow Tests is applicable due to the 
following reasons. First, as discussed above, the equilibrium quality for the two-phase mixture of 
subcooled liquid and superheated steam is below 1 ; therefore, the HEM critical flow model can 
be used. Second, the period for which the break flow is critical with superheated steam is 
extremely short or not present during a LBLOCA; therefore, its overall contribution is 
insignificant. Third, in LOFT and Semiscale LBLOCA assessments, there is no apparent 
difference in break flow behavior when the steam upstream of the break becomes superheated. 
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Question 62: What is the uncertainty in the critical flow model when the flow is no longer critical 
and may contain superheated steam or non-equilibrium two-phase conditions? Please discuss 
benchmarks that mere used to evaluate the break flow model under these conditions and include 
results of the transition from critical to noncritical conditions and discuss how the model works. 

Response 62: [ 1 
When the break flow is not choked, the critical flow model uncertainty does not apply. Under 
such circumstances, the break flow is the same as any flow through a junction and is calculated 
by the field equations and constitutive models. Many of the analyzed separate effects tests, 
such as CCTF, UPTF, THTF, FRIGG-2, Westinghouse/EPRI and FLECHT-SEASET, have 
breaks without choking. 

The treatment for transition from choked to unchoked flow is discussed in Section 5.1.2.3 of 
EMF-21OO(P) Revision 4 For LBLOCA the transition (from choking to not choking) is not 
important since the period is extremely short. The Semiscale LBLOCA and LOFT LBLOCA 
Tests are assessment examples where the transition occurs and the code performs well. The 
transition treatment has also been validated with SBLOCA Tests (see EMF-2328(P)(A) Rev. 0). 
An assessment of the methodology assumptions for broken nozzle and loop resistance form 
loss has been provided in RAI #24. 

Question 63: Section 3.5.4 states that a bRak flow multiplier of [ J was used to predict 
these tests. Uncertainty in the model is typically determined with a value of 1.0. Use of a 
multiplier in the range [ 
the Marviken tests. Discuss how this additional bias has been taken into account in the 
uncertainty analysis when the bias was varied for the Marviken tests? How is the break 
discharge coefficient then modeled when performing plant calculations? What is the uncertainty 
in the break model if a discharge coefficient of 1.0 is used? Please discuss howin light of this 
initial assumed bias in the break multiplier input, the 25 percent error calculated for the break 
flow model bounds the data. 

1, implies that S-RELAP5 tends to overpredict break flow for 

Response 63: There is clearly a misunderstanding with respect to the information conveyed. In 
order to model the Marviken nozzles a geometry or K factor was required to match the test 
depressurization. This geometry factor varied between [ 
particular test and nozzle. [ 

] depending on the 

1 
Question 64: The break nodalization of the discharge leg in Fig. 4.3 of EM-2103 shows [ 

] in the discharge leg while the nodalization of the break in the Marviken test shows [ 
J in the exit pipe. In Section 3.5.6 of EM=-21 02, it is noted that ’the fine nodalization was 

used to mitigate numerical diffusion which may send hotter water or vapor prematurely to the 
discharge pipe. ” The modeling philosophy given in Section 4.2.3.5, entitled Cold Leg and BRak, 
seems to contradict the statements in Section 3.5.6. Please discuss and justij. the diffemces 
in the modeling philosophy applied to the Marviken test and that applied to plant calculations. 
Include a discussion of the effect of finernodalization on break flow and PCT in the plant 
calculations and the effect of the use of a cude nodalization on break flow uncertainty. 

Response 64: It is not appropriate to compare the flow path from the top of the vessel to the 
nozzle in the Marviken Tests with the flow length between the vessel and the break in the plant 
nodalization. [ 
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] The same strategy is used in nodalizing the vessel-side break. Therefore, a consistent 
philosophy is applied in the break upstream nodalization for both the Marviken and the plants. 

In plant calculations, there are two possible paths that allow steam from the top of the core to 
exit the vessel-side break. One path is going up through the intact loop hot leg, steam 
generator, intact loop cold leg and top of the downcomer; the other path is going down through 
the lower plenum and then up though the dowmcomer. In both flow directions, liquid entrained 
by steam affects the state conditions of the break upstream volume. In the Marviken Tests, 
steam at the top of the volume propagates slowly downwards to the bottom of the vessel, 
discharge pipe and the nozzle to the break. The state conditions of the break upstream volume 
are affected by the vapor pulled through by the liquid. Since tw distinct processes (liquid 
entrainment vs. vapor pull-through) affect the state conditions of the break upstream volume, the 
vapor propagation in the Marviken vessel has to be simulated as accurately as possible in order 
not to add improper bias to the critical flow uncertainty. Furthermore, the experiment stipulated 
that the test was terminated when the steam entered the discharge pipe. Therefore, the state 
conditions at the bottom of the vessel must be calculated accurately to prevent premature 
delivery of steam to the discharge pipe. Summanzing, the essential point is to obtain acculate 
state conditions for the volume upstream of the break in order to reduce to the minimum the 
dependency of critical flow uncertainty on the numerical schemes and constitutive relations. 

Question 65: Section 4.3. I .  I0 discusses the CCFL (countercurrent flow limit) model applied to 
the upper tie plate and conpares test data against the theoletical flooding curve to bound the air 
- water flow rates. The performance of the code has not been demonstrated against test data to 
show that the model is performing correctly] especially under saturated and subcooled fluid 
conditions. To demonstrate the capability of the model, please show comparisons of code 
predictions to test data, such as the Nolthwestem data (Bankoff, 1981), to show the 
condensation effects on the CCFL pledictions and the model's performance. How does S- 
RELAPS prevent unrealistic concurrent down flow of liquid and steam into the core? Does 
countercurrent flow or concurrent downward flow produce upper core cooling or a top down 
quench for any of the separate effects, integral tests, orplant calculations? 

Discuss how the two fluid models have been assessed for CCFL behavior since the flooding 
point is determined entirely by the interfacial drag and entrainment models in the code. Has the 
CCFL model in S-RELAPS demonstrated its ability to reproduce flooding behavior which is 
consistent with scaling laws. Has a com arison been performed for the S-RELAPS model to 
tests such as the Creare 1/ISth and V5 scale data. Are there continuous liquid and steam 
velocity plots in the downcomer verifying that CCFL is preserved by the S-RELAPS interfacial 
drag model for saturated and subcooled conditions? Since the CCFL linit model [ 

violations of CCFL or unrealistic concurrent downflow in this region? Also please discuss h a t  
special interfacial drag, film droplet, entrainmenVde-entrainment, drop size models were added 
or modificationdprovisions to RELAPS to properly deal with countercurrent flow in the 
downcomer in the [ I .  

t P  

I1 what controls are used to assure that plant calculations i l l  not result in 

Response 65: The code performance on the CCFL phenomena has been demonstrated in the 
assessments of UPTF Tests 10, 12 and 29 (upper tie plate), FRA-ANP CCFL Tests (upper tie 
plate), UPTF Test 11 (steam generator inlet plenum), UPTF downcomer penetration tests 6 and 
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7, CCTF tests (upper tie plate, steam generator inlet plenum, upper core cooling and 
downcomer) Semiscale and LOFT LBLOCA tests (upper tie plate, steam generator inlet plenum, 
upper core cooling and downcomer). The fluid conditions in these tests range from highly 
subcooled to saturated. 

S-RELAP5 uses a CCFL correlation of Bankoff-type. Users have the option to input the 
coefficients in the correlation and to select where the correlation is applied. The correlation can 
be reduced to Wallis form or Kutateladze form by input. The counter-current flow limiting is 
invoked only when the model is selected by the user and the calculated countercurrent flow from 
the interphase friction model exceeds the down flow limit. [ 

1 

The CCFL at the upper tie plate depends strongly on the geometrical configuration of the tie 
plate region. The coefficients in the CCFL correlation depend on the geometry of the flow 
restriction and can only be determined by experiment. Framatome ANP performed CCFL tests 
on several types of upper tie plates (Section 3.9 of EMF-2102(P)). Figure 65.1 (from Figure 
3.9.5 of EMF-2102(P) Revision 0) shows the data against the Kutateladze flooding curve for a 
Framatome ANP BWR ATRIUM-9 UTP (upper tie plate). The data were for the same UTP 
installed in two different test facilities: Mini-Loop and FCTF. The Mini-Loop data are close to but 
conservative with respect to the Kutateladze flooding curve: 

r (65.1) 
_I 

The FCTF data is also conservative with respect to the above curve and overlay the Mini-Loop 
data in the range where the data overlap. Translating the above curve in the CCFL correlation 
form used by S-RELAP5 (Equations (5.1 06) and (5.51 0) of EMF-21OO(P) Revision 4) yields the 
set of coefficients: 

1 (65.2) 

This set of coefficients is then used to assess other Framatome ANP CCFL Tests. The results 
show that all data are conservative with respect to the UTP CCFL correlation. 

It is not possible to determine a set of coefficient values that best fits the data because of the 
large variations in data for different types of tie plates. On the other hand, it is not practical to 
define a set of coefficient values for each type of tie plate. One particular reason is that 
Framatome ANP has to deal with tie plates manufactured by other vendors in a mixed-core 
configuration. Therefore, the most appropriate approach is to use a set of coefficient values that 
bound the data, i.e., it is more restrictive on limiting the down flow of water. Accordingly, the set 
of coefficients obtained from the Framatome ANP CCFL Tests and described above is used for 
the upper tie plate CCFL correlation in all assessment and plant application calculations. 

The UPTF tests are more appropriate than the Northwestern data to further assess the upper tie 
plate CCFL model because UPTF is a full scale facility with real plant tie plates and subcooled 
water and superheated steam were used. The assessments of UPTF Tests 10, 12 and 29 
demonstrate that the CCFL correlation with the specified coefficients bounds all the data 
(Section 3.7 of EMF-2102(P) Revision 0). As an example, a plot of Kutateladze parameters 
calculated from the S-RELAP5 results compared with the UPTF CCFL correlation is presented 
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in Figure 65.2. The plot demonstrates three things: (1) S-RELAP5 CCFL model behaves 
correctly as shown by the linear upper limit of sqrt (Kg), (2) The CCFL correlation using the 
specified set of coefficients is conservative relative to the CCFL correlation derived from the 
UPTF data (solid line), and (3) a lot of calculation points are below the specified CCFL line. 
Also, the calculation points with cocurrent flow solution are not shown in the plot. 

In the reflood assessment and plant application cases, the low solutions calculated at the upper 
tie plate junctions above the hot bundles are mostly co-current (an example is shown in 
Response 122). Even if counter-current flow solutions are calculated, they are likely to be below 
the already conservative down flow limit. Therefore, a certain degree of top down cooling limited 
to near the top end of the rods is possible, but top down quench is highly unlikely. The rod 
temperature histories shown in Figures 65.3 and 65.4 demonstrate that top dovm cooling is 
insignificant. 

Discussion of the downcomer ECC water penetration and CCFL, including suitability of using 
scaled data such as those of the Creare 111 51h and lEth tests, is presented in Section 5.5.2 of 
EMF-21OO(P) Revision 4. In essence, the relative distance between the broken cold leg and 
each of the intact loop cold legs is an impoltant parameter in determining the downcomer 
penetration but is poorly represented in the scaled data. The UPTF data showed that the 
downward flow of ECC water in the downcomer is nonsymmetrical and heterogeneous. The multi- 
dimensional characteristics of heterogeneous penetration of ECC water was not observed in the 
earlier small scale tests. [ 

] Framatome ANP uses the full scale UPTF downcomer 
penetration test data to assess the performance of the S-RELAP5 downcomer model. [ 

1 
The Kutateladze parameters from the UPTF Test 6 calculations are plotted below and compared 
to the Glaeser correlation (as shown in Takeuchi and Young, 1998). Since the UPTF correlation 
was developed from averaged data measured from the lower plenum fi l l  rate, the S-RELAPS 
liquid flows for comparison are averaged lower plenum fill rates converted to Kutateladze 
parameters. A discussion is presented on the Glaeser correlation. 

The measured and calculated steam up flows verses lower plenum fill rates are shown in Figure 
65.5 and the associated Wallis parameters in Figure 65.6. Each point on the graph represents a 
particular run from UPTF Test 6. The following table, Table 65.1, lists the run number, the 
steam injection rate, the lower plenum fill rate, and the test run pressure. The test runs are listed 
in descending order based on steam flow, which corresponds to the plotted points from top to 
bottom. The accumulator injection flows are presented to show the amount of bypass measured 
and calculated for each test run. The total accumulator flow ranged from 1440 to 1480 kg/s. 
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135 
131 
132 
133 
136 

Table 65.1 UPTF Test 6 Measured Flows and Pressures 

(kgls) (kg/s) (kPa) 
436 548 360 
396 570 295 
295 898 31 0 
202 975 250 
102 875 265 

I RunNo. 1 Steam Flow Rate I Liuuid Flow Rate I Pressure 

The UPTF correlation by Glaeser was developed to describe the nonsyrnmetric heterogeneous 
gaslliquid countercurrent flow in the reactor scale tie plate and dovmcomer regions. Glaeser 
extended the Kutateladistype flooding equation to do so. The flow is nonsymmetric if the ECC 
water is injected via the hot or cold legs, and the steamhter mixture is flowing out of one 
broken hot or cold leg. The use of either Wallis or Kutateladze parameters implies the 
assumption that the important gas velocity at the gadliquid interface is approximately equal to 
the superficial gas velocity, i.e. an average gas velocity within the flow channel. This is not the 
case for large scale nonsymmetric flows. 

Since the gas momentum at the interface influences the amount of water flowing downward, a 
ratio of the gas velocity at the interface to the superficial gas velocity has to be introduced. This 
gas velocity ratio is mainly determined by the distance ‘L’ beheen the respective intact leg, with 
ECC injection, and the broken leg, where the gadliquid outflow occurs. The largest upward gas 
velocity compared to the average gas velocity occurs close to the broken leg due to the lowst 
pressure in the vicinity of the broken leg. Consequently, the largest build-up of a pressure 
difference in the gas flow occurs in the vicinity of the broken leg, if ECC water is injected into the 
gas upflow. The closer that the ECC injection leg is located to the bioken leg, the smaller the 
average gas velocity (superficial gas velocity) for the same interfacial gas velocity, which 
determines the liquid down-flow rate. 

The distance ‘L’ between the broken leg and the ECC injection leg is defined as: 

1 
2 

L = -nDOut, sin (65.3) 

where Do,,, is the outer diameter of the downcomer interior and 

where em, is the angle between the broken leg and the most distant ECC injection leg. 

Another important parameter is the slope of the gas velocity profile, which is determined by the 
gas viscosity. The correlation defines the reciprocal dimensionless length as: 

2 

(65.4) 

Therefore, the UPTF CCFL correlation, in terms of Kutateladze numbers, is: 
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1 1 

(f,,Kg)? +0.01 l (Kf ) I  = 0.0245 (65.5) 

where 

(og(Pf -Pg)); 

(65.6) 

and x = f o r g .  

Note that the correlation is applicable to the later portion of the blow-down period near the ‘end- 
of-blowdown’. The reason for this restriction is that the correlation is only applicable when there 
is a large pressure drop between the broken leg and an ECC injection leg. These conditions are 
no longer met after the break unchokes. 

The results from applying the UPTF CCFL correlation to both the measured and S-RELAP5 
calculated results from Test 6 are shown in Figure 65.7. The correlation was applied to the 3- 
loop and 4-loop sample problems for comparison purposes. The correlation was applied to the 
later stages of the ‘endaf-blowdown’ period where the break was still choked and where the 
substantial reverse core flow started to decay and positive core flow was re-established. Also, 
note that the 3400p sample problem had no counter-current flow during this period. 

The results from the 340Op and 4-loop transients are shown in Figures 65.8 and 65.9. In those 
figures, the Wallis parameters are presented. [ 

] However, this occurs at 
the lower vapor velocities and the occurrences are few in number. 

Overall, these results show that S-RELAP5 under-predicts downcomer flow. This is also 
evidenced from the higher than measured temperatures from the integral tests (EMF-2102) and 
the RAI responses concerning the downcomer nodalization studies. This is the expected result 
since the assessments indicate that the combination of the code and nodalimtion consistently 
over predict core bypass. Given that core bypass is over predicted, it is highly unlikely that too 
much downcomer flow is being predicted. 

To assure that too much downcomer flow is not predicted, the limiting break case from the 
RLBLOCA analysis will be analyzed with the following methodology. The time period before 
reflood will not be analyzed. In blowdown the water in the system is flashing and downcomer 
flow is not important to core cooling. In the refill phase the full scale UPTF tests have shown 
that the model is conservative. For the reflood phase of the LBLOCA, a check on CCFL in the 
downcomer will be implemented using the Wallis correlation. Since a CCFL model is not being 
directly applied to limit flow in the downcomer, it is expected that there will be some calculated 
points that exceed the Wallis correlation. Based on the results of the assessments, which 
indicate that the owa l l  prediction of ECCS bypass is Conservative, if a significant percent of the 
calculated points exceed the criteria, the analyst will review the analysis in detail. 
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Figure 65.1 Comparison of FCTF Data and Mini-Loop Data Using an ATRIUM9 UTP 
(Figure 3.9.5 of EMF-2102(P) Revision 0) 
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r 

Figure 65.2 Calculated Kutateladze Parameters Test 10 Run 080 
(Figure 3.7.141 of EMF-2102(P) Revision 0) 
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Figure 65.3 Comparison of Rod Surface Temperatures for High Power Bundles at 3.lm 
Elevation, CCTF Test Run 54 (Figure 3.12.31 of EMF-2102(P) Revision 0) 



N RC:02:062 
Attachment 1 

Page 142 

- HlTMPS-X)101030. Id: 42530 
- - -  TEIlYIA, Id: 48602 

I I I 

h 

Y 
n 

Figure 65.4 Comparison of Rod Surface Temperatures for High Power Bundles at 3.lm 
Elevation, CCTF Test Run 62 (Figure 3.12.58 of EMF9102(P) Revision 0) 
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UPTF Test 6 
Comparison of measured and calculated downcomer flow 
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Water Mass Flow Rate (kgr’sl 

Figure 65.5 Comparison of Downcomer ECC Water Penetration in Terms of 
Mass Flow Rates for UPTF Test 6 
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UFTFTesZ 6 
Corn parison of measured an3 calculated Wallis parameters 
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Figure 65.6 Comparison of Downcomer ECC Water Penetration 
in Terms of Wallis Parameters Using the Creare Correlation 
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Figure 65.7 Comparison of Data and Calculations 
to the UPTF CCFL Correlation 
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3 Loop Sample Problem 
calculated from end-of-blowdown to end of problem 
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Figure 65.8 Wallis Parameters from 8-LOOp Sample Problem 
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4 Loop Sample Problem 
calculated from end-of-blowdown to end of problem 
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Figure 65.9 Wallis Parameters from 4-LOOp Sample Problem 

Question 66: Page 4-4 of EMF-2103 briefly states how compensating errors are handled in the 
assessment matrix for FLECHT, SCTF, CCTF, and THTF. Howver, there are no detailed 
discussions of compensating errors relative to the separate effects and integral tests. Please 
discuss compensating errors relative to the separate effects and integral experiments. The 
discussion should include Post CHF heat transfer, ECC bypasdcondensation, and 
blowdown/post-blowdown thermal hydraulics and entrainment. 

Response 66: The concern with compensating errors is that they may result in the code being 
able to predict some experimental assessments accurately but not be able to predict others due 
to changes in conditions or scale. While it is recognized that there may be compensating errors 
in large system analysis codes, it is also recognized that there is no practical method for proving 
or disproving the existence of these compensating errors. Thus, the most practical approach for 
dealing with compensating errors is to perform a wide range of experimental assessments to 
show that these compensating errors do not impact the code results. 
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The large number of test facilities and tests in those kcilities that have been analyzed are shown 
in Tables 4.2 and 4.3 of EMF-2103(P). This assessment matrix included tests ranging in scale 
from as small as the Bennett Tube tests to full scale facilities such as UPTF. In addition, 
facilities such as FLECHT, FLECHT-SEASET, CCTF, and SCTF included essentially full-length 
fuel assemblies and in the case of the CCTF and SCTF full scale fuel assemblies. The tests in 
these facilities covered a wide range of test conditions and the SRELAP5 code was capable of 
consistently predicting the test results in these facilities. 

As an additional check, the LOFT, Semiscale, and CCTF assessments were re-run with the 
code model biases removed. The code model biases were determined by comparisons of the 
code with various SET assessments at varying scale. The use of these biases in a set of 
independent assessments of different scale provides a level of confidence that the code, ewn if 
there are compensating errors, can be expected to predict the important phenomena of the 
LBLOCA. The removal of the code model biases for the LOFT, Semiscale, and CCTF 
assessments consistently improved the comparison of code prediction and experimental data. 
While this does not prove there are no compensating errors in S-RELAPS it does indicate that 
any compensating errors that exist in the code will not impact the codes ability to predict the 
results of a LBLOCA. 

In general, the issue of compensating error is only relevant for dominant LOCA phenomena. 
Two key areas of concern with regard to compensating errors are core heat transfer and ECCS 
bypass. Core heat transfer is dependent on the suite of heat transfer correlations and interfacial 
friction. In the response to Question 20, a discussion is pmided that explains that the approach 
to evaluating film boiling uncertainties inherently accounts for compensating error present from 
the inseparability of heat transfer and interfacial friction. 

ECCS bypass is dependent on the separable phenomena including condensation of ECCS 
water, lower plenum sweepout, downcomer boiling, and downcomer counter current flow. 
1 

1 

Question 67: Please identify a reference discussing error propagation and how this is handled 
in the uncertainty methodology. 

Response 67: The non-parametric statistical approach directly propagates the uncertainties and 
there is no special treatment required for error propagation. 

Question 68: The Achilles Test in EM-2102 showed that S-RELAP5 underpredicted the core 
liquid level, the PCT by about 125F, and the dowcomer level. Please discuss possible reasons 
for these differences. The effect of the nitrogen on condensation was not measured in this test. 
How is the effect of nitmgen on condensation determined in S-RELAPS? Also, please discuss 
the sensitivity of the PCT to condensation efficiency. Howdoes S-RELA P5 compute 
entrainment of liquid by the nitmgen and, if so, how does this influence the calculations? M a t  
is the sensitivity of full scale plant PCT to condensation efficiency? 
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Response 68: The Achilles test simulation was performed to confirm the ability of S-RELAP5 to 
simulate the effects of nitrogen injection on core cooling following the emptying of the 
accumulators. The test assembly consisted of an array of rods, arranged in an x-y grid, inserted 
in a cylindrical pipe. This resulted in an extremely large degree of radial inhomogeneity in the 
fuel rods. Figure 3.1 5.5 of EMF-2102(P) Revision 0 shows the radial variation in temperatures 
at the PCT elevation. From this figure, it is obvious that an accurate modeling of the gaps 
between the fuel rods and the pipe would be required to predict temperatures accurately. The 
model flow areas and flow resistances were adjusted to account for the very large by-pass areas 
in the core in an approximate way. Two different groups of rods were considered: those on the 
inside area and those on the periphery. The flow areas for the rods on the periphery were 
adjusted to account for the open flow area and the flow resistance was reduced to account for 
the open flow paths on the periphery. Considering the approximate nature of the modeling for 
the fuel rod array, a reasonable agreement between the calculated PCT and the measurements 
was deemed sufficient for the evaluation of S-RELAPS. 

With regard to the liquid levels, the comparison of the core liquid level shown in Figure 3.15.1 1 
seems to reflect quite good agreement between S-RELAP5 and the test. The downcomer level 
is somewhat bizarre, in that it would seem to require about 20 kPa more dynamic pressure drop 
during reflood. By varying the losses between the exit of the simulated fuel rods and the exit of 
the test assembly, it is possible to incease the downcomer level slightly. However, dramatic 
increases in resistances result in too much expansion cooling downstream and the code 
“crashes” when the water freezes. In fact, during the test, there was significant freezing of 
suspended water. (See Figure 3.15.6, where the venturi was reduced by ice, causing an 
anomalous indication of higher flow.) In the end, since the nitrogen had left the system by 25 
seconds, it was not really essential to resolve the level anomalies, since they arose after this 
time and were not considered to be related to the presence of nitrogen in the system. 

The model describing the effect of nitrogen on condensation is presented in Section 3.4.9 of 
EMF-21 OO(P) Revision 4. This is discussed below. In general, the presence of the 
noncondensable gases reduces the condensation rate and the higher the quality of the 
noncondensable gases, the lower the condensation rate. The formulation in S-RELAP5 reduces 
the liquid-side heat transfer coefficient by a factor, F, when liquid is subcooled. 

H,, = H,F 

where the subscript n denotes the heat transfer coefficient in the presence of noncondensable 
gases and F is given by, 

The mass fluxes of the gas phase (steam + noncondensable gases) and fluid phase are denoted 
by G, and Gr, respectively, X,, denotes the quality of the noncondensable gas and the correction 
factor for very low qualities is given by 
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a =MAX[lO(O.I-X,),O] 

The overall effect of condensation was addressed in a sensitivity study and the conclusion was 
that the effect of nitrogen on condensation was not a significant contributor to PCT. A multiplier 
is provided in S-RELAP5 for the effect of the reduction in the condensation rate in the presence 
of noncondensable gases [see Section 2.9 of EMF-CC-O97(P) Revision 71 and it was used in 
plant calculations to address the sensitivity of the model. The sensitivity of the PCT to varying 
this multiplier was about +30°F. [ 

1 

Entrainment by noncondensable gases (nitrogen) is considered and the models are the same as 
those for steam entrainment, except for the differences in the properties of the two gases. 

Question 69: Section 4.3.3.2.6 of EMF-2103 identifies a Tmin of [ J is used in the analysis 
based on comparison to FLECHT reflood data while Page 4-20 of EMF-2100 identifies a Tmin of 
[ ] as used to establish the boiling curve. Please clarify discuss the impact on the test 
comparisons and plant calculations. 

Response 69: EMF-2100, Section 4.7 summarizes the Tmin model used in S-RELAP5. [ 

1 
Reference 

1) J. Zhang, S.  M. Bajorek, R. M. Kemper, and L. E. Hochreiter, ‘WCOBRA/TRAC Analysis of 
ORNL High Flow Rod Bundle Film Boiling Tests,” 1997 National Heat Transfer Conference, 
Baltimore, MD, August 1997. 

Question 70: Regarding modeling of transition boiling heat transfer, at the l o w r  limit S- 
RELAPS uses the maximum of the Sleicher-Rouse steam cooling correlation and a free 
convection correlation, Forslund-Rohsenow or Bromely is used for film boiling depending on the 
void fraction. Please discuss the l owr  limit of the transition correlations with regard to 
consistency with the l o w r  limit on the film boiling correlations. Please discuss code stability i t h  
regard to the heat transfer coefficient at Tmn during the switch from transition boiling to film 
boiling. 

Response 70: The switch from transition boiling to film boiling rarely occurs in transient 
calculations. The most likely scenario is from nucleate boiling @re-CHF) to film boiling (post- 
CHF) and then remaining in film boiling. The switch from film boiling to transition boiling is 
responsible for the rod temperature quench behavior (rapid decrease in temperature) shown in 
both the data and the calculations. Since oscillations aie not observed in either the data or the 
calculations; the large difference in the magnitudes of transition boiling and film boiling heat 
transfer does not create a problem with respect to code stability. 

Question 71 : General comments regarding code assessment: 
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Question 71a: Core 3-0 Flow and Void Distribution (Page 4-85, EMF 2103). Comparison to 
the THTF and GE Level SwII  data, for example, are high pressure tests and do not represent 
PWR reflood conditions. The GE data does not apply to od  bundle drag. On the otherhand, 
specific FLECHT boil-off or reflood data are applicable to voids in bundles at lowpressure 
(FLECHT-SEASET Test 35658, for example). 

Response 71a: In addition to the high pressure void distribution comparisons for the THTF and 
GE level swell tests, void distribution comparisons have been made for low pressure reflood 
tests. The void distribution comparisons for FLECHT-SEASET and FLECHT SKEWED reflood 
tests are represented by the calculated and measured differential pressures between 72 and 84 
in. displayed in Figures 3.3.71 to 3.3.79 of EMF-2102(P) Revision 0. Note particularly that code- 
data agreement is excellent after the region between 72 and 84 in. is completelyquenched. 
This demonstrates the wet-wall (pre-CHF) interphase friction model is applicable and adequate 
for both high pressures (THTF Tests) and low pressures. The void distribution above the 
quench front is dominated by the dry-wall (post-CHF) interphase friction model. The differential 
pressure plots show that (1) the calculated liquid fraction far above the quench front is lower 
than the measured and (2) the calculated liquid fraction near the quench front is higher than the 
data for injection rates below 1.5 in/sec and lover than the data for injection rates higher than 
3.0 in/sec. This void distribution pattern is consistent with the clad temperature history at around 
the 78 in. elevation. 

The key factor in determining the clad temperature (and PCT) is the void (or more properly, 
liquid) distribution. The key question to ask is, ‘Where is the water?” The lower liquid fraction 
(in comparison with the data) far above the quench front and the generally lower core inventory 
calculated (Figures 3.3.89 -3.3.97 of EMF-2102(P) Revision 0) indicates that insufficient liquid is 
retained at elevations far above the quench front and most of the liquid drops carried away from 
the quench front are carried out of the core. This tends to produce higher clad temperatures 
during the temperature rise period and hence, conservative (high) PCT as demonstrated by 
most of the assessments of the reflood separateeffects and integral effects tests reported in 
EMF-2102(P) Revision 0. The accumulation of more liquid in the region immediately above the 
quench front results in a quench time closerto the data (Figures 3.3.104 -3.3.109), in spite of 
higher PCT. The picture of void distribution for the post-CHF region is not perfect and is not as 
good as that for the pre-CHF region, but it is adequate and conservative for licensing 
applications. 

Question 71 b: Regarding Core 3-0 flow distribution, the SCTF conpansons, especially at the 
higher elevations, indicate underprediction of peak tenperatures and quench times that are 
early by 200 - 300 seconds for transients wilh 500 second heat-up times. Additional justification 
is needed to demonstrate that the clad oxidation is bounded. M i le  these are low temperature 
tests, the early quench time predictions will significantly affect oxidation and the uncertainty may 
effect the error methodology. Discussion is needed regarding how the 200 - 300 second early 
quench predictions are factored into the uncertainty in oxidation calculations. Then? should also 
be discussion of the lack of a model for film boiling as a function of distance fmm the quench 
front which would improve the quench time predictions. This discussion should also address the 
reasons for the discrepancies in quench time predictions and undeprediction of PCTs. The S- 
RELAP5 code predicts large oscillations in the void fractions in the core (see Fig. 3.7 7.47 of 
EMF-2102, for example). Discussion is needed regarding the oscillations and their effect on 
super heat and clad tenperature underprediction. The discussion should also address the 
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consequences of the oscillations Gth respect to the reflood behavior the potential bias of these 
oscillations to l o w r  PCT. 

Response 71 b: Framatome ANP has limited the use ofthe SCTF comparisons to 
demonstration of the adequacy of the code to calculate radial power distribution effects. The 
reason for this is that many assessments of S-RELAP5 against experimental data were made, 
and for essentially all assessments except the SCTF, the code results versus measured data 
exhibited a consistent conservative pattern for predicting heat transfer and PCT. For reasons 
not yet understood, the SCTF assessment yielded acceptable PCT comparisons but did not 
show the same prediction pattern for heat transfer. Framatome ANP believes the predictive 
capability of S-RELAP5 should be established based on the consistent predictive trends with 
other assessments and not the SCTF tests. 

Question 71 c: Liuuid Entrainment. while the entrainment is overpredicted for the CCTF tests, 
overprediction coupled with drop size could bias the steam temperatures in the channel to low 
values if the drop size is too small. Please discuss how the S-RELAPS model predicts the steam 
super heat for these tests (at selected elevations starting at locations near the quench fmnt) and 
the reflood data presented in EMF-2102. How does the void fraction influence the steam super 
heat and dispersed flow film boiling heat transfer when the entrainment is over-predicted for the 
tests? Included in the discussion should be the topic that excess entainment does not lead to 
propagating errors into the film boiling model and a nonconservative impact on PCT. 

Response 71c: The tendency and consequence of the post-CHF interphase friction model to 
retain less liquid at elevations sufficiently far above the quench front are discussed in the 
Response to Question #71 .a. Such a tendency is the most significant contributor to the 
calculated higher PCT in most assessment cases, regardless of whether excessive liquid 
entrainment is present in a calculation. 

For the four CCTF tests, the good agreement between the calculated and measured core 
differential pressure (Figures 3.12.29, 3.12.56, 3.12.84 and 3.12.1 12 of EMF-2102(P) Revision 
0) suggests that the owal l  void (or liquid) distribution is properly calculated and the liquid carry- 
out is not excessive. Because the steam temperature instrumentation did not correctly measure 
the superheated steam temperature in a steam-water mixture environment, as pointed out in 
Section 4.3.1 . I 2  of EMF-2103(P) Revision 0 and Section 3.12 of EMF-2102 (P) Revision 0, it is 
not possible to assess the performance of the code calculation of steam temperature against the 
data. 

Generally speaking, the two most important factors influencing the steam superheat are (1) the 
heat transfer to steam and (2) the vapor generation rate. A lower calculated steam temperature 
may be caused by lower heat transfer to steam or higher vapor generation rate or a combination 
of the two. The vapor generation rate depends on the interphase heat transfer model and the 
amount of liquid; therefore, excessive entrainment, even if calculated, does not necessarily imply 
higher vapor generation rate or lower steam temperature. Also, a lower steam temperature does 
not necessarily imply a higher heat transfer rate and a lower PCT. The two-fluid heat transfer 
model requires the partition of heat transfer to liquid and vapor, but currently there are no data or 
theory available for accurate modeling of the partition. Forslund and Rohsenow (Dispersed Flow 
Film Boiling, J. of Heat transfer, p.399, November 1968) cited the two-step process - heat 
transfer from wall to superheated steam and then from the superheated steam to liquid droplets 
- proposed by Laverty. The reality is that there are several direct and indirect processes 
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governing the heat transfer from the wall to the vapor and liquid in the dispersed film boiling and 
there is no accurate information to determine which portion of the heat transfer in the end goes 
to which particular phase. Therefore, accurate calculation of steam temperature may not be 
possible with present knowledge of wall to fluid heat transfer. 

The uncertainty in the steam temperature calculation does not necessarily lead to a non- 
conservative impact on PCT. The key factors are total heat flux from the wall to the fluid and the 
liquid fraction in the dispersed film boiling flow. The steam temperature, which depends on the 
assumption of indirect heat transfer processes, is of secondary importance. Of primary 
importance is to model reasonably well the two key factors. It is concluded, from the inspection 
of all reflood assessments, that the combined effects of the interphase friction model, vapor 
generation (or interphase heat transfer) model, heat transfer model and conservative upper tie 
plate CCFL model, produce higher clad temperatures compared to data in the upper core region 
(from around 6 to 10 ft) where the PCT occurs and thus, have a conservative impact on PCT. 

Question 71 d : Upper Plenum EntrainmenVDe-entrainment. Please discuss the manner in 
which de-entrainment in the upper plenum is calculated. Is there a model for de-entrainment on 
structures? How is entrainment to the hot legs and steam generator calculated? It should be 
shown that the S-RELAPS overprediction of liquid buildup in the upperplenum is not due to 
under-prediction of entrainment to the hot legs and steam generators. Also since the code 
allows a second top down quench, does counter-current flow in any of the SETS, integral tests, 
and plant calculations reduce the clad temperatures or affect clad oxidation in the top of the 
core? 

Response 71 d: There is no specific model for de-entrainment of liquid from any reactor 
component. In vertical components, a cocurrent (upward) flow solution implies entrainment of 
liquid and a counter-current flow solution implies deentrainment of liquid. Among the various 
force terms in the momentum equations, the interphase friction is the primary factor in 
determining the flow directions between the two phases. Thus, liquid entrainmentlde- 
entrainment is primarily a function of the interphase friction model. Houever, at the upper tie 
plate and steam generator inlet plenum junctions, a CCFL model is applied to limit the liquid 
down flow; therefore, entrainmentlde-entrainrnent of liquid in the upper plenum is also affected 
by the CCFL model. 

As discussed in Section 3.2.3, particularly, Equation (3.62), of EMF-21OO(P) Revision 4, the 
interphase friction for the upper plenum component is enhanced to increase the liquid 
entrainment. Also, bounding values of CCFL input are used to hinder the liquid down flow to the 
core (see Response to Question 65 and discussion below). These two things insure that the 
down flow of liquid from upper plenum to core is conservatively calculated. The assessment of 
CCTF tests indicates that the top dow quench range is much shorter than the data. Response 
to Question 122 presents a figure showing that there is no liquid down flow at the upper tie plate 
junction above the hot assembly. 

On page 443 of EMF-2103, there is a discussion concerning the effects of CCFL input on the 
results from UPTF Test 29. The plotted results were not included in EMF-2103, but can be 
found in Figures 3.7.124 through 3.7.128 on pages 3.7-191 through 3.7-195 in EMF-2102. 
Those figures show that liquid holdup in the upper plenum, as well as cany-over to the steam 
generators, varies with CCFL prediction. Since bounding values of CCFL input are used in the 
plant models, similar results are expected. 
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Question 71e: CCFL. There are no special drag models in the downcomer specifically designed 
to treat countemurent flow. Wthout these comparisons, there is no assurance that the CCF lim't 
will not be violated during a plant calculation. Comparisons to countemurent flow data would 
demonstrate that the liquid d o w  flows in the downcomer do not violate CCFL. Figs. 4.1 16 and 
4.11 7 show that the CCFL model is limiting the liquid downflow for many of the test points. This 
suggests the drag model tends to pmduce too high a liquid down flow for a given steam flow. 
Unless the drag model is different in the downcomer, these results suggest that the drag model will 
produce excessive liquid down flows in the downcomer. Please discuss the omission of the CCFL 
model or drag model specifically designed to model CCF in the downcomer. 

Response 71e: (See response to Question 65) 

Question 71f CCFL. Since the S-RELAPS code does not use a CCF lim't model, interfacial 
and wall drag modeling is key to predicting CCF. Application of concurrent up-flow correlations 
for interfacial and wall friction to countemurent flow tend to over-estimate the downflow of liquid. 
It appears that wall shear is neglected during countemurent flow which would produce over- 

estimated liquid downflows in the low gas velocity region. Wall shear stress acting on falling 
water is almost the same order of magnitude as interfacial shear stress, making it inappropriate 
to ignore this stress. Since RELAPS ignores wall shear during annular flow and EMF-2100 
Section 3.0 did not show the details of the w l l  shear, discussion is needed that describes how 
wall shear is computed during CCF. This discussion should also compare the friction factor with 
data and show the behavior at low velocitiedReynolds numbers. 

Response 71f S-RELAP5 does not ignore the wall shear under counter-current flow conditions 
and during annular flow. The description of S-RELAP5 wall friction is presented in Section 3.5 of 
EMF-21OO(P) Revision 4. Unless the user purposely tums off the wall friction via input options, 
the wall friction is always evaluated under all flow conditions. (See response to Question 23). 

Question 71 g: E F .  How is CCF modeled in the 2-0 downcomer and how are the flow regime 
maps applied in this region? 

Response 71g: (see response to Question 65) 

Question 71 h: Hot Lea Entrainment. Hot leg entrainment is underpredicted in Figs. 4.165- 
4.167, 4.173, 4.177, and 4.179, and, theeby it is not supported that hot leg entrainment is 
calculated conservatively. In some cases entrainment is not pEdicted until late in the test. Does 
the underprediction lead to a beneficial effect on PCT forthe tests Mich offsets another 
conservatism elsewhere in the methodology? Fig. 4.173 shows no entrainment was calculated 
for the entire test. If the entrainment is calculated to match the data late in the test, this does not 
the model being conselvative as stated on page 4-90 of EMF-2103. 

Response 71 h: First, the assessment of the conservatism of carryover calculations was based 
on the accumulated results from three sets of tests. The carryover was dramatically over- 
predicted in full-scale, UPTF tests. The comparison in EMF-2103 Revision 0 Figures 4.164- 
4.167 are to levels in a catch tank dovmstream of the steam generator in the broken loop. 
Steam and liquid exiting the broken hot leg enter a separator at the top of this catch tank and the 
liquid is dropped into the tank. The level measurement is quite noisy- the plots have been 
smoothed significantly. In most cases, the measuted level even indicates a level reduction in 
the early part of the transient. The measured values have a significant amount of uncertainty. In 
addition, the flow exited from the steam generator and traveled through fairly long pipes that 
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were modeled as having adiabatic boundaries. Heat transfer to the liquid on the secondary side 
of the steam generator and in the piping also contributed to additional uncertainties. As with the 
FLECHT-SEASET data, S-RELAP5 tended to under-predict the carryover when the rates were 
very low and to over-predict when they got higher. Test 54 (Figure 4.164) had somewhat higher 
flow rates than did Tests 62 and 68 and it was used to set the scaling kctor for the interphasic 
drag at the inlet to the steam generator tubes. Test 68 also had high calculated carryover, 
although the data showed only a very small level change. Making a precise statement about the 
carryover calculations for these four tests is somewhat difficult and the adjustment of the drag 
was based on a comparison to test 54. 

In Figures 4.168-4.171, the levels in the catch tanks dowstream of the steam generator 
simulators were compared to calculated values for the full-scale facility, UPTF. For these tests, 
the carryover in the broken legs and in the intact legs w s  measured. Using the enhanced 
interfacial drag determined by CCTF test 54 resulted in a conservative prediction for the broken 
and intact legs. Using a nominal mlue of drag caused a slight under-prediction of levels in 
certain cases. 

Figures 4.172-4.179 compare the levels in the separator tank and in the drain for the separator 
tank. The carryover is the sum of the two amounts. Test 31805 had very small carryover flows 
(the level in the separator didn’t change and the level change in the drain tank was only about 
2’7, but Test 31203 had a more substantial amount of carryover and S-RELAP5 over-predicted 
the levels as long as the carryover was large. During the period from 150 seconds to 350 
seconds, there was carryover, but it was not sufficient to show up as a level change in the main 
tank. Similarly, for Test 31302, S-RELAP5 under-predicted the carryover for low carryover rates. 
Once the flow became appreciable (-1 20 seconds), the calculated carryover was significantly 
higher than the measured. In this case, the modeling ofthe flow from the separator tank to the 
separator drain tank affects the filling of the drain tank at 130 seconds. A CCFL model uss 
used in the drain and it held up the water flow to the drainage tank far more than the data would 
indicate. Removing the CCFL limit would result in a betterfit to the level in the drain tank after 
130 seconds, but the period before with the low carryover rates would still be under-predicted. 
Essentially the same comments apply to test 31 701, except for the timing. There is a spurious 
level change in the drain tank when the operators intervened. 

Overall, the conclusion reached was that for very low carryover rates, S-RELAP5 under- 
predicted the carryover. Once carryover became significant, particularly for the issue of steam 
binding in the steam generator, S-RELAP5 over-predicted the carryover. The under-prediction 
when carryover was very small was considered to be far less significant than the over-prediction 
during high carryover. The tendency of S-RELAP5 to over-predict in the strong steam-binding 
region was the basis for concluding that the modeling was conservative. 

Question 71 i: Two-Phase Pump Model. The pump resistance and broken cold leg nozzle 
typically represent the largest resistances in the loop nhich determines the core flow (and hence 
fuel stored energy/PCT) during blowdown. It should be show how the uncertainty in the relative 
resistances between the core and break through the downcomer and hot leg paths are taken 
into account and that the punp resistance, broken nozzle resistance, and the other loop 
resistances conservatively bound the expected variation (or are insignificant) in these path 
resistances from the core to the break, 



NRC:02:062 
Attachment 1 

Page 156 

Question 71 j: PumR Differential Pressure Loss. How is the pump coastdown verified in the 
case there is no plant data? What is done in the modeling to assure the coast down is 
bounded? 

Response 71i & 71j: As stated in RAI lesponse #24, the pump model is tleated as best- 
estimate. This is necessary since control systems applied to pump speed (coupled with control 
systems on steam generator feedwater flow) are used to steadystate the plant model prior to a 
transient calculation. Without a reasonably accurate pump definition, code prediction of plant 
steady-state conditions will not agree with measured plant conditions. The figure-of-merit for 
pump performance is based on agreement of key steady-state operation variables including loop 
temperatures, flow rates, and pump speed. 

Pump coastdown is not explicitly addressed in this methodology’s PlRT given in Table 3.4 of the 
methodology document. As may be inferred from the PIRT, the two-phase pump degradation 
was ranked as having a strong phenomenological impact on PCT during blowdown, while the 
pump differential pressure loss has a strong impact on PCT during reflood. However, in the 
sensitivity study shown in Appendix B.4, the PCT impact of two-phase pump degradation was 
much less than anticipated by the PlRT team. During reflood, S-RELAP5 evaluates the pump 
differential pressure loss directly from the single-phase pump performance characteristics 
required in the pump model. Pump seizure is not considered part of a bestestimate LBLOCA 
scenario; and, for this reason, it is not considered in this methodology. 

Pump performance (including pump differential pressure loss) during single-phase conditions is 
based on bestestimate pumpspecific performance data. It has been Framatome’s experience 
that most plants have this single-phase pump data available for modeling purposes and usually 
have pump coastdown data for model benchmarking. Large disparities from actual and 
calculated pump characteristics are unlikely since the steadystate simulation would fail to show 
loop temperatures and flow rates consistent with plant data. The CE/EPRI two-phase pump 
degradation model will be used in the RLBLOCA methodology and the methodology document, 
EMF-2103, will be revised to indicate this (see Appendix D). 

As stated in RAI response #24 and #35, the uncertainty in the broken nozzle k-factor and the 
relative resistances from the core to the two ends of the break is a break flow/flow split issue. 
[ 

1 

Question 71 k: Non-Condensable Transport. The Achilles Test # 25 under-predicted the PCT 
later in the event. While the effect of the nitlogen is to initially force additional water onto the 
core providing some early limited core cooling, the later overall effect is to mduce core cooling 
since the higher initial steaming reduces the liquid inventory in the core causing a late heatup of 
the core. S-RELAP5 under-predicted the negative effects Mile capturing some of the early 
beneficial effects. Please discuss the basis forincluding the early beneficial effects of nitmgen 
in plant calculations and not considering this parameter in the uncertainty methodology and 
imposing it as a penalty on PCT. 
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Response 71 k: The Achilles test (ISP #25) simulation was performed to confirm the ability of S- 
RELAP5 and the RLBLOCA methodology (including modeling assumptions) to simulate the 
effects of nitrogen injection on core cooling following the emptying of the accumulators. The test 
assembly consisted of an array of rods, arranged in a Cartesian x-y grid, inserted in a cylindrical 
pipe. This resulted in an extremely large degree of radial and azimuthal inhomogeneity in the 
fuel rod flow areas. For the outside rows of rods, there were fairly significant gaps where the 
Cartesian rod array could not be forced to match the round tube. As a result, many of the rods 
near these gaps quenched very quickly. See the temperature traces in Figure 3.1 5.5 of EMF- 
21 02. It was apparent that water was coming up the bundle through these gaps and quenching 
at fairly high elevations very quickly. An accurate modeling of the gaps betwen the fuel rods 
and the pipe would have been required to predict temperatures accurately. The degree of 
inhomogeneity far exceeds that present in a PWR core and the model would have had to differ 
fairly significantly from the core model to be used in the methodology. By adjusting the model 
carefully it would have been possible to get a betterfit to later PCTs, but the comparison would 
not have used the core model appropriate for the methodology. Therefore, an accurate model 
was not created. 

For the approximate model based on the methodology, the core was broken into two areas and 
the flow areas and flow resistances were adjusted to account for the very large by-pass areas in 
the outer portion of the core in an approximate way. Two different groups of rods were 
considered: those on the inside area and those on the periphery. The flow areas for the rods on 
the periphery were adjusted to account for the open flow area and the flow resistance was 
reduced to account for the open flow paths on the periphery. Given the model simplifications of 
a very complicated flow pattern in the test assembly, the under-prediction of the PCT at the PCT 
node is not particularly meaningful. If one refers to Figures 3.15.12 through 3.15.17 of EMF- 
2102, the PCT elevation is the elevation where the predicted temperature falls below the 
measured. For the neighboring measurements (within about 8”-10” of the PCT elevation), S- 
RELAP5 over-predicts the temperatures. In addition, note that the tempeatures show far less 
variability at the other elevations than is seen at the PCT elevation (with the possible exception 
of the temperatures at 3.18 m). Thus, some fairly complicated three-dimensional flow effects 
that would not be modeled in a LBLOCA are determining the PCT for this test. 

Considering the approximate nature of the modeling for the fuel rod array, a reasonable 
agreement between the calculated PCT and the measurements was deemed sufficient for the 
evaluation of S-RELAP5. 

With this test, the trade-off of early cooling and late heating is fairly obvious. One can force the 
nitrogen to go through the core by increasing the resistance in its alternate flow path. The effect 
is a quick flushing of all of the liquid in the domcomer and “lower plenum” as well as the core. 
This results in a rapid cooldown of the fuel rods. When the initial surge of cooling is past, the 
liquid inventory is nearly gone from the region below the core and the rods begin an adiabatic 
heat-up until the liquid finally fills the “lower plenum” region and enters the core. This results in a 
more rapid heat-up until the liquid reaches the core again, after which the heatup is in pretty 
good agreement with the data. Howver, the fast heat-up more than offsets the initial cooldowm 
and results in a slightly higher PCT than was observed. For a LBLOCA, one does not 
experience this range of Variability in the modeling. The amount of early cooldown in ISP #25 
was just a consequence of adjusting the resistance in the escape path for the nitrogen so that it 
would match the rate of escape of the nitrogen. 
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] The effect of the nitrogen injection can be seen in the core level plot (Figure 5.27) and on 
the fuel rod temperature plot (Figure 5.18) for the sample case shown in EMF-2103. There is 
clearly an effect on the temperatures when the nitrogen enters the system. It has been show in 
the analysis of Achilles ISP #25 that S-RELAP5 under-predicts any initial beneficial effects of the 
nitrogen on the PCT. Since S-RELAP5 is conservative with regard to this aspect of nitrogen 
injection and since it generally over-predicts temperatures in the test assembly, with the 
exception of the PCT elevation, which has large variability in the measured temperatures; there 
is no need for a penalty. 

Question 71 I: Downcomer Entrainment. Please identify the corect section in Ref 5 forthe 
downcomer entrainment tests and discussion referred to in Section 4.3.3.1.10 of EM-2103. 
Please discuss the cause of the lowr  plenum liquid level oscillations in Figs. 4.106 through 
4.1 10, including the flow regimes predicted by S-RELAP5 during this period, and the steam and 
liquid velocities in the downcomer and exiting the l owr  plenum during these tests. Does the 
under-prediction of the liquid inventory in the loner plenum enhance the steam downflow in the 
core during blowdown and produce a beneficial effect on PCT? Does boiling occurin the lomr 
downcomer and lower plenum in these tests and Mat  effect does boiling versus no boiling have 
on the entrainment? 

Response 71 I: The reference indicated in EMF-2103 is correct. The reference is ”Section 4.3.1 
and Reference 5” where the section referred to is in EMF-2103. In Reference 5 the section of 
interest is Section 3.7.4. 

The lower plenum liquid level oscillations are described in Section 3.7.4.4.1 and the steam and 
liquid mass flows are provided in Table 3.7.5 of EMF-2102, Revision 0. There were also two 
sensitivity studies performed to look at these oscillations and they are reported in Section 3.7.4.4 
of EMF-2102, Revision 0. The first sensitivity study looked at turning off the mixture level model 
in the lower plenum and the second sensitivity study looked at using a 2D component in the 
lower plenum. With the mixture level turned off the oscillations were significantly reduced but 
the lower plenum liquid level was in worse agreement with the data and ewn more conservative. 
With the use of a 2D component in the lover plenum, the comparison to data was significantly 
improved. However, there was a new set of oscillations in the predictions relative to the data. 
An undocumented calculation was also performed to look at the use of the 2D lower plenum 
model in the sample plant calculation. This calculation indicated that the 2D lowr plenum 
model provided a less conservative PCT but significantly increased the run time. Based on this 
evaluation it was decided to go forward with the lower plenum model reported in EMF-2103, 
Revision 0. 

With respect to the possibility of enhanced steam down flow in the core with a potential benefit 
on PCT, a lower liquid level in the lower plenum would tend to amplify this possibility. However, 
this effect, if it did occur, would have a secondary influence on the PCT relative to the delay in 
the initiation of reflood. The increase in predicted bypass flow and associated decrease in lower 
plenum fill rate has a direct impact on the predicted PCT. The overall conservatism of the 
methodology (code and nodalization) is clearly demonstrated in the conservative PCT’s 
calculated for both the LOFT and Semiscale integral assessments. 

Very little if any boiling would have occurred in these tests. The tests were conducted by first 
bringing the system temperature up to that of the steam tempewture and then initiating the flow 
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of the ECCS water. The tests were specifically designed to look at dowcomer and bypass flow 
versus steam flow up the downcomer. The expected impact of boiling in the downcomer in 
these tests would be to further impede the liquid flow down the downcomer and to increase the 
bypass flow. 

Question 71 m: Downcomer Level Oscillations. Fig. 3.11.47 of EM-2102, shows large 
oscillations in void fraction. Please discuss the model conservatism as stated in Section 
4.3.3.1.1 1, since the core in these tests shorn large void oscillations which can ‘provide 
additional core cooling” as pointed out on page 4-92. If downcomer boiling occurs during 
accumulator discharge, what is the effect on PCT afterthe accumulators empty. 

Response 71m: The indicated figure does show large oscillations in the core void fraction. 
However, the figure also shows that while the code does under predict the void fraction for short 
periods of time during these oscillations, on average the code conservatively over predicts the 
void fraction relative to the measured data. This general over prediction of the core void fraction 
will lead to the prediction of higher conservative PCTs. This conservatism is clearly shown by 
the over prediction of the temperatures demonstrated in Figures 3.1 1.36 through 3.1 1.45. 

In general, the impact of downcomer boiling is to delay the flow of water down the downcomer 
and into the lower plenum. Given this, if downcomer boiling occurs during accumulator 
discharge the impact would likely be an increase in the amount of accumulator water that would 
bypass the core and be lost out the break. Given the loss of additional accumulator water, the 
PCTs would be expected to increase. 

Question 71 0: Lower Plenum Sweepout. Oscillations suggest that the swep out of the liquid 
from the lower plenum is retained in the downcomer and immediately flows back into the l o w r  
plenum periodically. In such a case, please discuss the mdel  conservatism regarding the lower 
plenum liquid level test predictions. Should there be flow of liquid back into the l o w r  plenum, 
does this result in entrained liquid entering the core and providing additional cooling? Discuss 
the need for bias in the uncertainty evaluations if the l owr  plenum oscillations cool the core. 

Response 710: The UPTF ECC penetration tests were designed to simulate ECC flow in the 
downcomer during the LBLOCA blowdown-refill period when the accumulator ECC water 
penetrates the downcomer and the steam flows down the core and up the downcomer to carry 
out the water to the break. Under such circumstances, steam flow is in the wrong direction to 
entrain water to the core. Furthermore, a very strong steam flow is required to produce such 
large oscillations. For a cold leg break with pump off, the steam flow from the lower plenum to 
the core, if present, can never be strong enough to produce lower plenum level oscillations of 
significant amplitudes. Accordingly, the situation of large lower plenum oscillations enhancing 
liquid entrainment to the core does not exist and is not calculated to occur in plant applications; 
therefore, there is no need to evaluate the bias or uncertainly for such an event that either does 
not exist or is of no significance. 

It should be pointed out that the large lower plenum oscillations are due to the conditions peculiar 
to the UPTF Test 6 series and are not observed in plant applications. As discussed in Section 
3.7.4.4.1 of EMF-2102(P) Revision 0, the large oscillations go away if the mixture level model is 
turned off in the bottom volume of the lower plenum. With reference to the nodalization showing 
in Figure 3.7.4 of EMF-2102(P) Revision 0, the conditions for improper appearing and 
disappearing of mixture level (more precisely liquid level) in the bottom volume for the Test 6 
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series are: (1) the lower plenum is initially empty, and (2) no significant amount of steam flows to 
the bottom volume and the liquid drains slowly to the bottom; thetefore, the fluid velocities in the 
bottom volume are low. These conditions are not present in the plant calculations, since the 
lower plenum is initially full of water and the void fraction difference between the two lower levels 
is never large enough to produce a liquid level in the bottom volume. 

Therefore, in plant calculations, the lover plenum sweep-out behaves like those shown in Figures 
3.7.38, 3.7.41, 3.7.44, 3.7.47 and 3.7.50 ofEMF-2102(P) Revision 0. Thus, all liquid above a 
certain level, which depends on the vapor velocity, of the upper lower plenum volume is carried 
out of the lower plenum by the vapor, and large oscillations are not present. Note that if the lower 
plenum is nodalized with more axial levels and with a narrow upper flow path to allow vapor to 
flow through the lower plenum without much liquid entrainment, no significant sweep-out will 
occur. The results will be similar to those obtained with the 2-D horizontal component discussed 
in Section 3.7.4.4.2 of EMF-2102(P) Revision 0. The present two axial level l -D  lower plenum 
nodalization is a necessary compromise to satisfy certain steady-state requirements. With such a 
nodalization, conservative lower plenum sweep-out is calculated. However, the sweep-out does 
not lead to liquid entrainment into the cote since the vapor flow either is in the wrong direction or 
is not strong enough to cause significant entrainment. 

Uncertaintv Analysis 

Ref: EMF - 2102(P) 

Question 72: 5.7.7 Data Set Adequacy 

With regard to Table 5.7 it appears that not only the maximum pressure data, but also the mass flux 
of the vapor and liquid do not bound the intended application. Please justify in greater detail your 
statement that the data set on which film boiling multipliers, bias, and uncertainty are determined 
adequately cover the intended application. 

Response 72: [ 

1 

Question 73 (Part 1): 5.7.2 Inferring Heat Transfer Coefficients from Experimental Data 

Please describe mathematically the inverse conduction algorithm (flow diagram and a few 
equations) used in computing the boiling heat transfer coefficient from the thennocouple data. 

Response 73 (Part 1): The requested material is provided (see Appendix A). 

Question 73 (Part 2): In Fig. 5.7 is this the numrical node scheme for the inverse algorithm? 
If so, at M a t  node is the themocouple? 

Response 73 (Part 2): In Figure 5.1, the thermocouple is at the boundary between the boron 
nitride and the clad inside surface. 
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Question 73 (Part 3): SpecificaIy, how is the surface heat flux a function of the den'vative with 
respect to time, as stated in sec. 5.1.2. I ? 

Response 73 (Part 3): The transient heat conduction equation (one-dimensional, cylindrical 
geometry) is solved to determine the heat flux at the clad surface. 

The first term in this equation contains the temporal derivative. The term in parenthesis, when 
divided by the area, is the heat flux. Thus, the heat flux will vary with time. 

Question 73 (Part 4): The thermocouple measures the temperature T(ro,zo,t) (i.e. at some fixed 
point (ro,zo) as a function of time t (as in Figs. 5.2 and 5.3). The objective seems to be to 
compute the surface temperature at the same elevation at the same time points as the 
thermocouple measurements. So Mere is the time derivative necessary? Where is the s o m e  
of the amplification? 

Response 73 (Part 4): The time derivative is necessary to capture the effects of stored energy 
in the electrically heated rod during the transient test. Failure to include this term will cause the 
derived convective heat transfer coefficients to have a bias that is related to the lag of the 
transfer of stored energy to the coolant. 

The experimental measurement is of temperature. These measurements are taken discretely, at 
intervals that are on the order of 0.5 second (FLECHT-SEASET). To obtain the heat transfer 
coefficient, the heat flux must be inferred (calculated) from these temperature measurements. 
The heat flux is a function of the derivative of the temperature, which, mathematically, is the 
slope. The slope is quite small in magnitude so slight wriations in the temperature will cause 
apparently large variations in the heat flux. 

Question 74: 5.1.2. I Signal Filtering 

Question 74 (Part 1) What is the t b e h e n  thermocouple signals? 

Response 74 (Part 1): FLECHT-SEASET Tests: 0 to 200 seconds (0.5 sec between samples); 
after 200 seconds (1 .O sec between samples). 

Question 74 (Part 2): What is the thermocouple instrument emr? 

Response 74 (Part 2): The 2-sigma uncertainty of rod sheath thermocouples in THTF is 
reported by the experimenters to be 10.3 K. An additional 0.3 K is added to this to obtain the 
nominal transient uncertainty, applicable except at the time of quench. 

For FLECHT-SEASET, the thermocouple instrument error is 318% of reading between 277 C 
and 1316 C. This is combined with a conditioner error of +1 .0loC and a readout error of 
+2.03OC. 
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Question 74 (Part 3): The thennocouple reading has two sources of variation: 

i) the instrument error 

ii) a variance due to the fluctuations in the underlying physical process. (If we had a perfect 
instrument, this variance would still be there.) 

Do you estimate these effects? 

Response 74 (Part 3): Fluctuations in the underlying process were treated qualitatively by 
filtering the data. Of primary interest is the modeling of the limiting hot rod and the conditions 
surrounding it. Test data associated with rods within 2 rows of the shroud (channel wall) were 
removed from consideration because they exhibit cold wall effects that would skew the results. 

Question 74 (Part 4): What is yourstopping rule with regard to smoothing of the thermocouple 
readings with respect to the above variances? 

Response 74 (Part 4): The above variances were not used to establish an acceptance criteria 
for smoothing the thermocouple readings. The thermocouple data were filtered first with the 
median filter, then with the binomial filter. 

Question 74 (Part 5): What is yourstopping rule with regard to smoothing the inferred heat transfer 
coefficients (as in Figs. 5.4 and 5.5)? 

Response 74 (Part 5): The above variances were not used to establish an acceptance criteria 
for smoothing the heat transfer coefficients. The heat transfer coefficient data were filtered first 
with the median filter, then with the binomial filter. 

Question 74 (Part 6): Do you apply any quantitative measure to claim that “the underlying features 
of the signal are intact”? 

Response 74 (Part 6): No. This was performed visually by examining sample thermocouple 
signals processed by the algorithm. As a check that the pncedure works acceptably, the results 
were compared with qualified published results, a sample of which is shown in Figure 5.6. 

Question 74 (Part 7): Comment: Fig. 5.6 is irelevant. 

Response 74 (Part 7): Agreed, it may not be necessary to retain this figure in EMF-2102. 

Question 75 (Part 1): 5.7.3 Data Consistency Check 

Question 75 (Part 1 ): Since the test data provide multiple estimates of HTC for common times and 
elevations, is the mean computed at some specific time and elevation the “truth” with respect to 
which you compute the bias in the computed value at that tome and elevation; and the standard 
deviation the uncertainty? 

Response 75 (Part 1): We take the values which remain after evaluation of the data and 
average them. The purpose of the averaging is to obtain a value comparable to the calculated 
value from S-RELAP5 that represents a nodal volume average. 
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Question 75 (Part 2): How do you assure that the data were not oversmoothed? (That is only the 
instrument eror and outliers were removed.) 

Response 75 (Part 2): Smoothing does not necessarily remove the instrument error. It does, 
however, help remove a part of the truncation error that is part of the analog to digital conmrsion 
(this causes the flat spots of apparent zero slope). In THTF, the smoothing of the median filter 
also removed the sharp temperature spikes that occurred in the data (the experimenters 
attributed this nonphysical behavior to the power supply). Because the same smoothed data 
was used for analysis of Tmin and quench time (described in Appendix B), and excess 
smoothing would round the "knee" in the thermocouple trace, minimal smoothing was applied to 
the data. The largest effect of smoothing occurs near quench and this effect is discussed in 
Appendix B to these RAls. 

Question 76: 5.1.4 Partitioning the Data 

The data are partitioned into two sets. What are you validating? Are the THTF and FLECHT - 
SEASET data considered initially as one set and then split into t w  through random selection? 

Response 76: The data that we have are sampled from the population of possible values. In 
order to ensure that our result (the curve fit) applies to the population as a whole, and not just to 
the sample, we divide the sample randomly into two parts. One part is used to develop the curve 
fit (the multipliers). The other part serves as a check that our curve fit applies more generally to 
the population. 

Question 77: 5.1.5 S-RELAP5 Calculated HTC 

5.1.5.1 Data Averaging 

The oscillations in the computed values of void fraction, heat transfer coefficient and clad 
temperature are attributed to changes in the heat transfer mode in the course of the computation 
(i. e. film boiling, single-phase vapor) 

Question 77i: What is the variable and its value that determines which mode to assume? 

Response 77i: The S-RELAP5 variable is RFLMOD. The value is the same as for variable 
HTMODE described in EMF-CC-097 in Section 4.5. Film boiling is identifed by HTMODE=7 
Single-phase steam is identified by HTMODE=9. 

Question 77ii: What is the time increment in the computation and what is the average cycle length 
of the oscillation in the void fraction, and Tclad? 

Response 77ii: The S-RELAP5 time step is dynamically determined during the course of the 
transient to satisfy numeric stability requirements. The maximum allowable time step is input by 
the user. The user also determines the frequency of writing data to the plot file. This frequency 
was chosen to correspond to the smallest time step in the measuRd data. For FLECHT- 
SEASET, the time increment in the plot file is 0.5 seconds. ForTHTF, the time inmment in the 
plot file is 0.05 seconds. An analytical computation of the average cycle length in the oscillations 
in the code was not computed. The cycle length changes as the transient evolves, but is about 
2 to 6 seconds per cycle prior to the time of quench. 
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Question 78a (Part 1): 

Is it correct that RELAP corrputes the void fraction (a), the heat transfer coefficient (h) and the 
clad temperature (Tclad) sequentially as follows: 

a - h = Tclad 

Response 78a (Part 1): No. The calculation is h+TcI+ a. 

Question 78a (Part 2): If so, is the same algorithm applied with the 8 sec. window? How does the 
window size compare to the computational time step? 

Response 78a (Part 2): Yes, the same algorithm is applied with the 8 sec window. The window 
size is larger than the calculation time step. 

Question 78a (Part 3): How does it compare to the time step in the Tclad measured values? 

Response 78a (Part 3): The window size is larger than the At between measured values of 
tem perat u re. 

Question 78b (Part 1): Is the following sequence of computations during processing of the data 
correct? 

Let D(t) be the original values at time t. Assume w = 3. Then 
- 
f3(4) = (1/3) (D(1) + D(2) + D(3) + D(4)) 

f3(5) = (1/3) (D(2) + D(3) + D(4) + D(5)) 
- 

etc. 

Then fsmooth(t-w/2) +- fdt) for each t 2 w/2. 

Response 78b (Part 1): The description of the averaging of the described S-RELAPS values is 
the following: 

A running average is used to smooth the SRELAPS calculated data. It is applied to the mid 
fraction, the clad surface temperature, and the heat transfer coefficient. Through use of control 
variables it is possible for S-RELAPS to compute a running average. Part of this running average 
is computed with S-RELAPS control variables. The final construction of the running average is 
performed by post-processing. The S-RELAPS integrating component computes: 

I(t)= [f(t)dt 

In S-RELAP5, a delay component may be used to save results of the integration for states that 
occurred w seconds in the past. Effectively, 
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I(t - W) = f (t) dt 

The running average is obtained by taking the difference between these two equations and 
dividing by the difference in time. 

The running average generated by this algorithm is a "trailing" average. That is, the average lags 
the physical behavior. During post-processing of the data, each of the running averages is 
further refined to generate a central running average. The changes made are: 

0 Shift the averaged data to the left by W of the window width w. This is effectively 
accomplished by discarding the first half of a windows width of averaged data. 

0 Second, do not average over the quench front. Therefore, from the quench time less a 
window width, replace averaged data with raw data. 

0 Third, patch the first part of the running average by using raw data instead of averaged data. 
This is necessary because the delay component results in averaging of zeros until the time 
reaches the window width. The window width, w, is 8 seconds. 

Question 78b (Part 2): Is it correct to say that you compute a moving average with a lag of w and 
then shift the value back by w'2 in tme? 

Response 78b (Part 2): S-RELAPS, with the use of control variables, is able to compute a 
moving average that is based on the recorded data over the previous w seconds. For a function 
f(t), this average, f(t)avg, lags the actual system behavior f(t). This average can be translated into 
a central average by shifting the time scale by w/2 so that half of the interval is in the past, and 
half of the interval is in the future. On this basis, the answr to the question is y s .  

Question 79: In reference to the comparison shown in Figs. 5.18 thmugh 5.20. 

Question 79a: Are you applying the same algorithm (i.e. w) in the vapor and quench parts of the 
curves as in the transition region? 

Response 79a: The algorithm is being applied to the wpor parts but not to the quenched parts. 
Treatment near the quench front was described in another response above. 

Question 79b: How would enlarging the window result in larger segments of unsmoothed data in 
the film boiling regime? 

Response 79b: Under some conditions, the inwted annular flow regime (associated with 
FILMBL) is very short, only a few inches in length. To avoid imparting a bias that includes 
nucleate boiling (high heat transfer coefficients) that occur at the quench front, it is important that 
averaging not be applied across the quench front. The calculated data that is rithin w/2 of the 
quench front is not averaged. A larger w would mean that more of the data is not awaged and 
more oscillations in the calculation that is to be compaied to data. A larger window also results in 
more of the calculated data at the start of the transient not being smoothed, bywidth w. 
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Question 79c: How is stopping the smoothing at the level h e r e  the amount of ripple remaining 
is on the order of what might be expected as experimental uncertainty relevant? The 
computation is deterministic, therefore, experimental uncertainty cannot be reproduced. By not 
smoothing “completely” how can you be sure you are not skewing the distribution on which your 
uncertainty estimate in the multiplier is based? 

Response 79c: When it was determined that smoothing was necessary, it was applied with the 
intent to use the minimal amount ofsmoothing necessary to provide a calculated value that 
would be comparable to a measured value. 

Clearly, the fluctuations observed in the S-RELAP5 calculated void fraction and heat transfer 
coefficient are not observed physically and are artifacts of the code model. To not smooth would 
cause very large (and unacceptable) uncertainties. 

On the other hand, smoothing causes curvature of gradients to be reduced. If the gradient is 
“real,” then excess smoothing would introduce a bias in the results. Therefore, a compromise 
was struck. The smoothing, although essential, should be minimiad, and consideration of 
experimental uncertainty was used only to establish a rough estimate for assessing if the 
amount of smoothing applied was adequate. 

Question 79d: Therefore, what harm is there in smoothing completely, in view of the 
comparisons shown in Figs. 5.18 through 5.20? 

Response 79d: Additional smoothing in this case would be acceptable. 

Question 79e: 5.7.6 Multiplier Correlation 

You are determining two heat transfer coefficient correlation multipliers in this section 

MFILMBL and MFRHTC 

Correct? 

M is a function of z (fuel height) and t the time in the transient, since h,,,(zo, t) and h,,,(z, t), where zo 
is the thermocouple location. Correct? 

Response 79e: It is correct that two heat transfer coefficient correlation multipliers are being 
defined. 

It is possible for M to be a function of the elevation, as an artifact of experiment design. But the 
correlation and the multipliers are functions of local conditions and do not include the elemtion 
as an explicit parameter. 

Question 80: How do you define quench front? 

Question 80i: At a thermocouple location zo how do you determine the time ofthe quench front at 
that location from the measured data? 

Response 80i: The determination of quench in the measured data is based on the FLECHT- 
SEASET algorithm for the low pressure data. This algorithm was not directly applicable to the 
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high pressure test data in MTF.  The higher sampling rate in THTF made it possible to devise 
an algorithm that uses the maximum negative curvature in the thermocouple trace (a 
mathematical way of finding the "knee" in the curve). The mathematical algorithms and 
description are presented in Appendix B to these RAls. 

Question 80ii: How are M,=,L,L and MFRHTC related to the definition of quench front? 

Response 80ii: The quench front identifies the boundary between nucleate boiling and film 
boiling in the test section and in the code calculation. The multipliers apply only to film boiling. 

Question 8Oiii: In aligning the quench fronts to a common location (say zo), what parameters 
are you equating? (ie. /'mas( ZO, tmas) = pca/c(z, tC& 

Response 8Oiii: The quench fronts identify a point of commonality between the calculation and 
the measurement. By using the quench front (instead of time) as the basis for comparison, the 
section of the heated length that is in nucleate boiling is common b e k e n  the measurement and 
calculation and the section of the heated length that is in stable flm boiling is common betwen 
the measurement and calculation. By aligning these features, the void fraction distribution as a 
function of elevation above the quench front should be comparable between the measurements 
and the calculation, and the axial pressure profile should also be close. This means the local 
conditions on which the film boiling heat transfer coefficient is based will also be closely similar 
between the measurement and the calculation. 

Question 81 (Part I ) :  You state 'Temporal displacements between THTF measured data and 
code calculations were ignored. The transients are sufficiently short in duration theat the 
temporal differences are expected to be small." 

In principle, is it not the Elationship between the time sterJ size in the transient calculation in 
relation to the tenporal differences that is the issue, and not the duration of the transient? 
Please explain your reasoning in greater detail. 

Response 81 (Part 1): The transient begins with virtually identical conditions between the 
measurements and the calculation. Howver, minor differences between the state of the 
calculation and the measurement will grow as the transient progresses. In a shorter transient, 
the differences are insignificant. For a longer transient, this will not necessarily be the case. For 
example, in a rod temperature plot from a long transient, the small differences in heat transfer 
rate cause the location of the peak clad temperature and the quench front to shift significantly. 
Many of the observed differences can be removed by applying a small temporal shift to the 
calculated data. 

The heat transfer correlations are evaluated based on "local conditions." To obtain the best 
possible basis for comparison, the local conditions need to be comparable, with temporal 
differences removed. The results would be heavily skewed if, for example, the measured point 
of cornparison was quenched and the calculated value was not quenched. 

Question 81 (Part 2): Note: Since 
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a misalignment of hna, and h,/c with respect to time will introduce a bias in the distribution of M(t) 
(which t will be used in M(t), the one from the measurements of from the calculation?) 

Response 81 (Part 2): M was not correlated to be a function of time. A value of M was chosen 
that applies independent of time. To remove the temporal differences in the FLECHT-SEASET 
data, the location of the quench front as a function of time was examined. Times were chosen 
that correspond to when the quench front was just below a differential pressure measurement 
location. This choice affects the measurement of the void fraction. The time associated with that 
measurement was used to obtain a snapshot of the measured data. Then, the S-RELAP5 
calculation was examined. When the quench front reached the same location as that in the test, 
the time was noted and a snapshot of the calculated values was obtained. These were then 
compared directly to the measurements. Therefore, the expression above for M should be 
written 

Question 82: 5.1.7 Film Boiling Multiplier Statistics 

5.1.7.1 Defining Data Set 

Is this the same partitioned set as described in sec. 5.1.4? 

Response 82: Yes. 

Question 83: I do not understand the first paragraph! 

Question 83i: Does “multiplier pairs” mean MFlLMBL and MFRHTC ? 

Response 83i: Yes. 

Question 83ii: How were MFILMBL = [ ] and MFRHTC = [ ] determined? 

Response 83ii: The multipliers were determined by trial and error. Values were chosen and 
code calculations performed. The calculated values were then compared to the measured 
values and the mean and standard deviation calculated. A mean of 1 .O corresponds to the 
desired solution. 

Question 83iii: What does “The correlating set had a mean of 1.00 and a standard deviation of 
0.373. “ mean? In particular, what is the “correlating set”? 

Response 83iii: As explained, the data which has been collected in experiments represents a 
sample of the population. This sample was randomly divided into two parts. The first part, the 
defining data set, (used for correlation, hence the name correlating set) is used to determine the 
multipliers. The validating set is not used to deElop the multipliers. 
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Question 84: Please explain the test of this section more clearly. 

Question 84i: Figs 5.21 thmugh 5.23 refer to frequencies of measured-to-calculated HTC 
ratios. what happened to the distinction betwen FILMBL and FRHTC? 

Response 84i: MF~LMBL and MFRHTc were not independently determined. They were determined 
together, and are part of the code model. In the model, ~&,LMBL is applied when the void fraction 
is less than [ 1. MFRHTC is applied when the void fraction is greater then [ 
combination of these two multipliers, as determined by the interpolating function, is applied 

1. Some 

between void fractions of [ I .  
Because of the oscillatory behavior of the code heat transfer mode, and a transition region 
where both multipliers apply, an integral approach to the determination of film boiling heat 
transfer multipliers was required. The figure of merit on the fit is the ratio of the measured to 
calculated heat transfer coefficient. For both the inverted annular film boiling regime and the 
dispersed flow regime, this heat transfer coefficient ratio should have a value of 1 .O. The 
interpolating region between the two regimes should also have a ratio whose value is 1 .O. 
Therefore, this is what is reported, for all of the data. 

Question 84ii: Similarly, in the fit of M vs. a, what heat transfer regime is assumed and why? 

Response 84ii: The data has been filtered so only data which is in stable film boiling is 
considered. The curve fit of M vs. a considers all of the measured data - some of which is 
inverted annular film boiling, some of which is dispersed flow film boiling, and the remainder of 
which is in the transition between inverted annular and dispersed flow. The expression indicates 
that there is not a significant bias in the heat transfer coefficient ratio associated with either 
multiplier or the combination of the multipliers. 

Question 85: 5. I .  7.2 Validating Data Set 

Is it not true that both the correlating set and the validating set are random samples from the some 
data set? I fail to see Mat  you are validating in that case. 

Response 85: The collective set of test data represents a sample of the population. Each one 
of the points in the data set represents a sample from this population. In an ideal wrld, one 
would collect data by sampling the population and then dewlop a model which describes the 
population from the sample. Then, to demonstrate that the model applies to the population, 
additional data would be collected by sampling from the same population. This additional data is 
evaluated with the model to determine if the model provides an adequate simulation of the 
population. In our development, the ideal world does not exist because the data has already all 
been collected. So the process must be emulated. This is performed as follows. 

Formal methods were applied to develop the multipliers (develop the correlation). Since all of 
the data was already collected, each of the data points w r e  treated as a sample from the 
population. The samples were randomly divided into two parts. The first part, the correlating 
data set, was used to develop the multipliers. The validating data set was set aside, to be used 
later after the correlation development (the multipliers) is complete. The validating set is used to 
extend the applicability of the model to the population, which is more than the set of data that 
has been collected, separately or collectively. 
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Question 86: 5. I. 7.3 Probability Distributions for Film Boiling 

It seems to me that a lognormal distribution would be more appropriate for f(x). There is no 
reason a prior; to separate f(x) into two terns based on low and high void fraction. Moreover a 
discontinuity in the derivative with respect to void fraction is introduced. Please explain. 

Response 86: A log-normal distribution for f(x) could be used. However, it doesn't fit the data 
as well. As a first step in selecting the appropriate empirical distribution for the data, two 
parameters were calculated based on the data: 

and 

p =3 P 2  
1 -  

P23 

p =4 P 
P i  

2 -  

where 

These values, which depend on the skew and kurtosis of the distribution, were then plotted on a 
chart (see for example, Figure 6.1 of "Statistical Models in Engineering," Gerald J. Hahn and 
Samuel S. Shapiro, John Wiley & Sons, 1967) which was marked into various regions in which 
different types of empirical distributions were best choices. 

The calculated values of the parameters clearly excluded the Log-normal distribution, the 
Normal distribution and the Gamma distribution. The Log-normal is excluded because the data 
show a much lower value of p2, corresponding to greater peakedness. The Normal distribution 
was excluded based on the amount of skew. The Gamma distribution was excluded because 
the skew was too small for the kurtosis. The best candidate was a Beta distribution, with the 
preferred choice of parameters corresponding to a Jshaped distribution. This distribution is a 
simple polynomial form, applying over a range of the parameter. The only problem with a 
reverse J-shaped Beta distribution is that it goes to infinity as the argument goes to aero. The 
distribution chosen was a simple polynomial form, applied to a finite range of the variable, and it 
was designed to bound the probability distribution, fit the probability density as well as possible 
and provide a simple algorithm for use in the Monte Carlo calculations. 

By changing the functional form at the peak, a discontinuityin the derivative of the probability 
density is introduced. However, there is no reason to avoid a discontinuity in the derivative of a 
probability density or distribution. These occur all the time. In kct, discontinuities in the 
distribution itself are not uncommon. The only requirements of a probability density function are 
that it be positive definite and that the integral from negative 00 to positive 00 be unity. 
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Ref: EMF - 2103(P) Rev. 0 

Question 87: 4.3.4 Evaluation of Code Biases 

In the first paragraph you state that ‘L, the evaluation of the biases does not include 
uncertainties. ” 

The biases do have uncertainties associated with them as you have quantified in Table 4.19. In 
order to make the conclusion in section 4.3.4.4 ‘The application of the biases resulted in a 
reduction in the maximum PCT predicted by the code, . . . . ’: Therefore, the bias corrected value 
of the code is a prediction. This in my view requires that the uncettainty in the bias be taken into 
account. Please explain. 

Response 87: The evaluation of the impact of the calculated biases for the code was based on 
the mean values of the biases and did not include the Uncertainties. This was done for two 
reasons: the first was that inclusion of the uncertainties would have necessitated a statistical 
analysis of each of the tests; and second, haLing done a couple of the LOFT tests statistically, it 
was found that making the comparison to data was a little more difficult. 

The comparison of the code predictions to the data, using a statistical analyis results in a family 
of predicted cladding temperatures. Many of these predicted temperatures fall above the data. 
Many are below the data. Thus, the result of considering the uncertainties is a band of predicted 
temperatures that encompass the assessment data. It can be concluded fom these 
comparisons that there is enough uncertainty in the calculational model to bound the data, high 
or low, but it does not provide a clear indication of the impact of removing the code model 
biases. 

When the calculation is based on onlythe mean values of the biases, it can be seen that the 
biases determined in the separate effects tests have not degraded the ability of the code to 
predict integrated tests. This point is important in that values inferred from a set of small-scale, 
separate-effects tests do not a priori have to result in anything meaningful for larger-scale 
integral-effects tests. If the model is applicable and scalable, the biases will be meaningful for 
the large scale tests. Thus, comparing the code prediction with the model biases removed to 
the data supports the bias determination and the scalability of S-RELAP5. The fact that in 
virtually all cases, the predicted values improved when the model biases w r e  removed provides 
even more support for the applicability and scalability of the S-RELAP5 code. 

Question 88: 4.4 Detemination of Effect on Scale (CASU Step 70) 

Please comment on the follouing argument and how your conclusions wilh regard to the ability of 
S-Relap5 to scale the requisite phenomena with regard to a RLBLOCA are valid in this context. 

A Heuristic Analysis of the Effect of Scale 

Notation: 

measatest measured result of a test 

calc@test S-Relap5 calculated result of a test 
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meas@LOCA measured result of a LOCA 

calc@ L OCA S-Relap5 calculated result of a LOCA 

Of the above fourthe only one m cannot do is the meas@LOCA, yet it is Ma t  we want to 
estimate since it is considered the “truth”. 

Let P be a variable of interest such as peak clad tenperature. 

. -. P(@ where e =set of independent variables defined by PlRT and for which the sensitivities 
have been quantified. 

So, scaling issues deal ~ t h  the effect Of€Jtest = eo + 6JLOCA =eo + A e on P(e). 

If scaling holdsa, 

The question then is h a t  are the conditions on test scaling and code scaling so that w can get 
an estimate of the ‘truth” in terms of measatest, calc@test, and calc@LOCA. 

Consider the following relationships: 

Test Scalinq: 

(a mas@LOCA 
(eo) + p p measatest 

Under the assumption that the tests are scalable 

Similady for 

Code Scalinq: 

(e)/P ca~catest(eo) z { 1 + l /P d P/d_ca/@test A e } p calc@LOCA 

What we want to estimate is the “true” value of P(e) at LOCA conditions, i,e., we want to 
compute P measaLoCA(~ at some level of confidence. 
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Rearranging terms we obtain 

for I l/P d P/d 6Jcalcatest A e < 1 we can write 

p meas@LOCA ~ p ca/@LOCA * (p meas@test/p calc@test) * SF - 

where we define a scaling factor (SF) as 

- 
test scaling 

- 
code scaling 

So, the estimate of the “true” RLBLOCA value of some parameter P has the followng 
components: 

a) P ca‘c@LoCA - the S-Relap5 computed parameter for the LOCA. 

the bias estimated by comparing computed and measured values of the 
parameter from tests. This is the sole soutce of variation that contributes to the computation of 
the confidence level in the estimate of P 

b) p meas@test/p cal@test - 

(e). 

c) SF is a factor that accounts for scaling effects. 

In my view your analysis implies that SF = 7.0. The above discussion inplies that for this to be 
true we must fulfill the followng conditions: 

The first implies that the sensitivities of the conputed results of the tests to changes in the 
independent variables are small. The second that the sensitivity of the masured results for the 
tests are comparable in size to those computed. 

How do your conclusions with regard to test scalinq for blowdown, refill and reflood tit info the above 
scheme? 

Similarly, how do your conclusions with regard to code scalinq fit into the above scheme? 

Response 88: Scaling discussions were separated into test scaling and code scaling in the 
documentation. The purpose of the discussion with regard to tests was to show that the tests, 
as they were scaled (or not in the case of the UPTF tests), could predict the LBLOCA 
phenomena equally well and that there were no discernible effects attributable to the scale of the 
test facility. For the blowdown phase, it was shown that the peak temperature during the 
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blowdown was independent of test scale for tests from about 1/6 full scale to tests that w r e  
1/17,000 of full scale. For reflood, a comparison to a similar range of scaled facilities was used 
to show the independence of the heat-up during reflood (beginning with the liquid at the bottom 
of the core). For the refill period, full-scale tests were used. 

The test scaling condition can be expressed mathematically as 

where the e denotes the parameters which enter into the calculation of the parameter of 
interest, P. The arrow above is used to indicate a wctor. These parameters include those listed 
in the PlRT table as well as some dimensions. The prime on the vector indicates that it is the 
vector for the scaled test. 

where S is a matrix which scales the parameter vector. The scaling matrix is by nature a fairly 
sparse matrix, as the scaling effects need to be applied only to the extensive parameters. The 
scaling equation then asserts that the measured value of P in the scaled system must be the 
same as that in the full-scale system for a comparable range of conditions. Only tests for which 
the scaling condition applies are useful in establishing the test database br the LBLOCA. 

The formulation presented in the reviewer’s question assumes that the conditions of the tests 
differ from those in the LBLOCA and that these diferences exclude extensive properties that 
were scaled for the test. This is, in all probability, true. Although scaling of extensive parameters 
may have been intended, the use of a first-order estimate seems to ague against such an 
interpretation. Many of the tests were designed to span the conditions that wuld be expected to 
occur in a LBLOCA, thereby establishing a basis for analyzing the LBLOCA, provided the 
analysis tool also scales. For tests consisting of a small number of runs, or even a single run, 
the conditions were selected to be most representative of the LBLOCA. 

Code scaling is important because the code predictions are validated based on smallscale tests 
and then applied to the full-scale LBLOCA. Scaling discussions in the documentation br S- 
RELAP5 addressed the extent to which the code predictions might be scale dependent. Sewral 
tests with different scaling were evaluated to demonstrate that the code predictions were 
insensitive to the scale of these tests. In addition, mrious elements of the code were examined 
for possible scale effects. 

The code scaling relationship can be expressed mathematically as 

where the subscript “Ca/c”denotes the S-RELAP5 value. This relationship says that the code 
calculations for scaled test conditions will be the same as the predictions for the full-scale 
LBLOCA. In this case, the scaled test has to satisw the test scaling condition. 

S-RELAP5 is compared to the test data and biases ale determined. Denoting the matrix of 
biases by M, this process can be summarized by the expression 
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where the subscript “Calc” denotes the S-RELAP5 value and the bar indicates the mean. Note 
that the biases have resulted in the code predictions matching the test data in an awrage sense. 
Taking into account the uncertainties, the expression can be written as 

where 

and E is a matrix of random variables representing the uncertainties in the biases. This 
relationship applies in a statistical sense. That is to say, when the S-RELAP5 calculations are 
performed using the statistically-varying parameter vector, the probability distribution of the 
calculated P match those of the test data. 

Now, it the code (and the model) with the biases can be scaled from the test conditions to the 
full-scale, the following relationship can be written 

where 

and the relationship is again understood to apply in a statistical sense. 

While the above cannot be expressed as a simple ratio, the points regarding conditions to be 
met remain valid. The first condition the reviewer places requires the fractional change of the 
calculated P at LBLOCA conditions from that at test conditions to be small. In addition to 
requiring a well-behaved calculational tool, it also places a requirement on the sufficiency of the 
data. The requirement is that the test cases be suficiently close to the conditions found in the 
LBLOCA that the fractional variation in the calculated P from the measured P be small. This 
requirement is met by the use of multiple prototypic tests to evaluate the LBLOCA. 

The second condition requires that the predictive model (S-RELAP5 and methodology) display 
the same dependence on the independent wiables as does the test data. This is verified by 
comparison to a large number of tests, both separate effects and integral, at a large range of 
scales. 

Question 89: 5.1.1 Determining Important Process Parameters 

You state “In contrast, treating these process parameters statistically accounts for higher order 
behavior by including all possible combinations in the sample space. ” 
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Question 89a: What exactly are you refening to by higher order behavior? Give an illustrative 
example. 

Response 89a: In a typical deterministic assessment, the sensitiity of one parameter is studied 
at one condition. The choice is often comparable to retaining the linear term in a Taylor series. 
At points away from that condition, the quadratic term, cubic term, etc. start to have an impact. 
In addition, the cross-terms with other variables may arise. Then the sensitivity in the variable 
becomes much different. Consider decay heat sensitivity. At very low PCTs it has one value. 
Now let the metalwater reaction begin. The sensitivity is suddenly much larger. The higher 
order behavior in this case refers to all those things in the LBLOCA that make the lineaized 
sensitivity result, taken at one condition, not hlly applicable. 

Question 89b: To get “all possible combinations in the sample space” would require n9 (from 
Table 5.1) uniformly distributed sample points, where n is some appropriate number of 
observations for each variable. Is this Mat  you have in mind? This gets big very quickly! 

Response 89b: True. If a census is performed on these combinations the numbers become 
unmanageable very quickly. In fact, the number of variables in Table 5.1 is much larger than 9. 
There are 9 categories, but at least 21 variables. So the number is even larger than you have 
suggested. In the statistical method used br  LBLOCA, the presence of a continuum of levels is 
implicit. By randomly sampling them, the potential b r  any of the possible combinations of input 
variables exists. Since the sample s iE is limited, not all are used to get the final result. 
However, no combinations are excluded. 

Question 90: 5.1.2 Role of Sensitivity Studies 

“Parameters can be demonstrated to be insignificant by sensitivity studies and/orby their 
relationship to lowranked PlRT parameters. ” 

Question 90a: What exactly is meant by sensitivity studies in this context? That is, ae  these S- 
Relap5 calculations of a full scale RLBLOCA Merein input parameters are varied? Give an example. 

Response 90a: A large collection (>50) of uncertain parameters (some from the PlRT and some 
from Plant operation) were identified early on. Estimates of the range of uncertainty that should 
be associated with each of these were made. A 3400p Westinghouse Plant model was then run 
first nominal, then with each of the uncertain parameters adjusted to its maximum (one run per 
parameter) and then with each adjusted to its minimum. The variation of the PCT for each of 
these cases was used as a basis for setting the sensitivity. This same process was repeated at 
an overpower condition to get the PCTs closer to 2200°F to see if the sensitivities were that 
much different and finally again with a 4-loop Westinghouse plant. 

Question 90b: Have you shown that the results of a S-Relap5 calculation for sensitivity at full 
scale is valid? 

Response 90b: This question raises the issue of the scalability of sensitivities again. The 
scalability of the tests used and the scalabilityof the models within S-RELAP5 were evaluated. 
In addition, the full-scale model was checked to assure that it conforms to the methodology. The 
runs were checked and all appear to be acceptable. A series of tests for code stability and 
repeatability were made to confirm that the variations in the code from numerics and 
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convergence are small compared to the significant contributors to the PCT changes. These 
things together support the validity of the S-RELAPS sensitivities for a full-scale LBLOCA. 

Question 91 : 5.1.3 Quantifying Statistical Quantities 

Why are there no measurement uncertainties associated with the parameters - accumulator level 
through core flow in Table 5.4? 

Response 91 : [ 

1 

Question 92: How are the operational and measurement uncertainties combined to give the 
distribution for the parameters in Table 5.4? 

Response 92: [ 

1 

Question 93: 5.2 Performance of NPP Sensitivity Calculations 

5.2.1 Statistical Appmach 

Your statement "Non-parametric statistical techniques are useful in situations where acceptance or 
rejection is based on meeting a tolerance limit and where you do not need the probability distribution 
itself "is misleading. The analytic form of the probability distribution function need not be known, but 
the function must be continuous. In the current context, the distribution function is the S-Relap5 
code. What evidence do you give that S-Relap5 computed PCT and cladding oxidation are 
continuous in the independent random variables for RLBLOCA analysis conditions? 
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Response 93: There are two pieces of evidence which suggest that the S-RELAP5 computed 
PCT and oxidation are continuous in the independent random variables for RLBLOCA 
conditions. The first is that the underlying correlations used in the code are continuous. 
Framatome ANP spent considerable effort to assure that the intersection of different correlations 
for the same parameter was smooth and continuous. The second piece of evidence is that the 
PCT as a function of time for each of the 59 cases is continuous. The independent variables 
experience large changes in value as a function of time during each case. If significant 
discontinuities existed they would be expected to be visible during at least some of the cases. 

Question 94: Define your use of the tern "outlier" in the current context of yourapplication, i.e. 
given 59 observations of PCT, what makes you call the 5gth term in the order statistic and 
outlier? What statistical test do you apply and what make you think it is appropriate, i.e. not due 
to some deterministic quirk in the computation? Please fornulate your test for an outlier in terms 
of a statistical hypothesis test. 

Response 94: The use of the term outlier in Section 5.2.1 is misleading since the term outlier 
has a specific meaning in the statistical sense vlhich is not meant in this section. Framatome 
ANP proposes to delete the paragraph where the term outlier is used. 

The following paragraphs will be inserted in place of the current paragraph on page 5-1 1 which 
contains the term outlier. A replacement paragraph is needed because the actions described in 
the paragraph are still necessary. 

It is possible that the tesult of the 95/95 estimate from the 59 cases will be a PCT that exceeds 
the 2200 F limit. There are two actions that can be taken in this situation. Fist a change in the 
reactor conditions that are being evaluated can be made in an effort to create a set of conditions 
where the 2200 F limit will not be violated. The changed reactors conditions could consist of a 
revised total peaking factor limit, or a revised accumulator level, or a revised ECCS injection 
rates. 

A second approach would be to fun an additional 34 cases generated with the same seed as the 
previous 59 cases to obtain a total of 93 cases. For 93 cases the 95/95 estimate is the second 
highest value rather than the highest value (as it is for 59 cases). Experience with order 
statistics shows that the 95/95 estimate tom 59 cases is, in general, more conservative than the 
95/95 estimate from 93 cases. This second approach is only useful for those cases where the 
95/95 estimate of the PCT from 59 cases is significantly higher than the PCTs for all the other 58 
cases. . Framatome ANP does not plan to use mote than 93 cases since ve believe that the 
potential for a conservative answer from 93 cases is too low to warrant the expense of additional 
cases. 

Question 95: 5.4 Determination of Total Uncertainty 

The final results for the 4-loop sample problem are summarized as: 

. . . 
The 95/95 calculated PCT w s  1635 F 
The 95/95 calculated maximum nodal oxidation was f .  1 % 
The 95/95 calculated maximum total oxidation was 0.02% 

Question 95a: Are these joint estimates based on the same n = 59 S-Relap5 runs? 
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Response 95a: The estimates for PCT, maximum nodal oxidation and maximum total oxjdation 
are not joint probability estimates. 

The following statement is made in Regulatory Guide 1 .I57 with respect to the estmates to be 
made for the three criteria together. 

“The revised paragraph 50.46(a) (1) (i) requires that it be show with a high probability that none 
of the criteria of paragraph 50.46(b) will be exceeded, and is not limited to the peak cladding 
temperature criterion. However, since the other criteria are strongly dependent on peak cladding 
temperature, explicit consideration of the probability of exceeding the other criteria may not be 
required if it can be demonstrated that meeting the temperature criterion at the 95% probability 
level ensures with an equal or greater probability that the other criteria will not be exceeded.” 

Framatome ANP will modify the submitted methodologyto calculate the 95/95 PCTvalue and 
report the other two parameters for this case consistent with the Regulatory Guide. 
Demonstration that the PCT is met with 95% probability and 95% confidence assures that the 
two criteria related to oxidation will be met with an equal or greater probability. This is because 
of the strong correlation between cladding temperature and oxidation and because the margin to 
the criteria limits is much greater for the oxidation criteria than for the temperature criteria (see 
Table 5.9). 

Section 5.2 of EMF-2103 will be revised to reflect this change in statistical apptoach. The 
change pages for Section 5 are presented in Appendix C. Changes to the text will be made on 
the original pages 5-1 1, 5-15, 5-16, 5-17, and 5-18. Tables 5.10, 5.1 1, and 5.12 i l l  be deleted. 
Figures 5.4 and 5.5 will be deleted. Appendix D will be revised in a similar manner when the 

approved document is issued. 

Question 95b: If yes, please explain why. The 95/95 f o r t h e m t  estimation of three dependent 
variables requires far more than n = 59. 

Response 95b: That is generally true, but these are not joint estimates. 

Question 95c: Physically PCT and oxidation mtes should be correlated. Do you account for 
that and if so how? 

Response 95c: S-RELAP5 calculates oxidation rate using the Cathcart-Pawel equation which 
correlates oxidation rate as a function of absolute temperature. Therefore, the oxidation rate is 
functionally dependent on the cladding temperature in S-RELAPS. As a result, PCT and oxidation 
are highly correlated. 

Question 96: Stored energy in the fuel is treated, howeverpin pressure is not. Please describe 
the methods used to assess the potential forblowdown ruptures and how fuel rod gap pressures 
are calculated and treated statistically. 

Response 96: Fuel pin pressure is treated by the methodology; initial fuel rod pressure is 
calculated with RODEX3A and transient fuel rod pressure is calculated with S-RELAP5 using the 
same fuel models as RODEX3A. A principal reason for incorporation of the RODEX3A fuel 
models into S-RELAP5 was to provide a fuel rod pressure calculation consistent with the initial 
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conditions from the approved RODEX3A model. S-RELAP5 and RODEX3A account for pin 
pressure variations as a result of changes in pellet and clad dimensions and gas composition. 

Pin pressure can influence two LOCA phenomena given in the PlRT in Table 3.4 in the 
methodology document: stored energy and gap conductance. Table 4.18 briefly lists how each 
phenomena is treated. [ 

1 
Fuel rupture is not treated in this methodology as is discussed in Appendix B.2. Rupture of fuel 
rods, when predicted, does not occur during blowdown, because the relatively high system 
pressure reduces the pressure differential across the cladding during this phase of a LOCA. If 
calculated, fuel rod rupture typically occurs during reflood and possibly could occur late in the 
refill phase of a LOCA. Framatome ANP showed that fuel rupture, when calculated, has the 
beneficial effect of slightly reducing PCT. Since the general influence of fuel swelling and 
rupture was relatively small and beneficial, we chose to be conservative and ignore this effect 
and to focus on other methodology development areas. (Also see response to Questions 28a 
and 131) 

Question 97: Please explain how the uncertainty in the gap gas conductance is accounted for: 
Please explain how variations due to fuel relocation are treated and included in the uncertainty 
in the stored energy of the fuel. 

Response 97: [ 

1 

Question 98: What is the initial oxide layerthickness assumed on the inside and out side of the 
rod. Please explain how this is treated and justify the initial oxide layerthicknesses. 

Response 98: The initial oxide layer thicknesses on the outside and inside of the cladding are 
calculated as a function of bumup for each axial node in the RODEX3A calculation. The axially 
dependent oxide layers are then passed to the SRELAP5 calculation and are used in the 
calculation of cladding thermal conductivity which affects the initial stored energy. [ 

1 

Question 99: On page 4-94, the 90% confidence limit was used to evaluate the constant and 
exponential terns in the oxidation model. As described in Regulatory Guide 1.157, please use 
the 95 percentile confidence limits to evaluate these terns. Also, was the uncertainty on the 
predicted mean of the data in the Cathcatt-Pawel cited reference verified. 

Response 99: The 95% limit was obtained by noting that for a normal distribution, the two- 
sided 90% limits correspond to the 95% upper limit and the 95% lower limit. The statistics on 
the Cathcart-Pawel model were not reevaluated. This reference is heavily cited and has been 
reviewed by the NRC as documented in NUREG-1230, Compendium of ECCS Research for 
Realistic LOCA Analysis. 
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Question 100: Cold leg condensation, only, is discussed on page 489. Please explain how 
downcomer condensation was ranged and applied in the methodology. 

Response 100: [ 

1 

Question 101 : Downcomer entrainment was not discussed in the statistically treated section. 
Please explain how downcomer entrainment was ranged. 

Response 101: The code calculation of downcomer entrainment is addressed in the 
methodology by demonstrating that the combination of code models and plant nodalization used 
in the methodology results in a conservative prediction of the lower plenum fill rate. This 
conservatism was demonstrated by comparison with the UPTF Tests 6 and 7 and is discussed 
in Section 4.3.3.1.10 of EMF-2103. 

Question 102: The refill heatup period heat transfer multipliers were also not discussed. Please 
show the S-RELAPS code predictions to data during refill and show the heat transfer multipliers 
applicable to refill. 

Response 102: As part of determining the film boiling heat transfer multipliers, it was necessary 
to consider the application in which those multipliers are used and compare this range to the 
available data. The summary results of this evaluation were presented in Table 5.1 of EMF- 
21 02, which identifies the range of key parameters needed for the RLBLOCA application, as 
compared to the range that is available from the data used to deelop the film boiling heat 
transfer multipliers. The information in this table w r e  derived independent of the transient 
phase, that is, they represent conditions from blowdown, heatup, and reflood. This was 
important because in S-RELAP5, the core film boiling heat transfer models are applied any time 
film boiling is indicated -the same models are used for blowdown, heatup, and reflood. Figures 
1 and 3 of RAI Response #2 show the clad rod temperature response during blowdown, heat- 
up, and reflood at two different PCT locations. The void fractions in the heatup region are well 
within the range supported by the film boiling multipliers. The pressures observed during the 
heat-up are also supported. On this basis, the heat tnnsfer multipliers that support heat-up are 
FILMBL=I .OO and FRHTC=I .75. 

The S-RELAP5 predictions to data during refill are shown in the following figure. [ 
1 
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Question 103: Please explain the 'Comparison with Adjusted AccumulatoJ' in Fig. 4.152. 

Response 103: In the original data obtained by Framatome, the measured accumulator volumetric 
flow rate was provided. In the initial performance of the analysis, the analyst missed the fact that 
when the accumulator emptied the flow switched from liquid to nitrogen. The title on the plot simply 
reflected the fact that the final analysis had accounted for this switch from liquid to nitrogen flow. 

Question 104: LOFT L2-3 predictions capture the second peak due to the lack of quench 
during blowdown. If quench occurs, how well does S-RELAP predict the second peak? Do the 
plant calculations always show a failure to quench during blowdown? If not what is the effect on 
the reflood PCT? 

Response 104: Since the code under-predicts heat transfer under low void conditions, a 
second heat-up should over-predict the data. Of the 3-loop and 4-loop plants, the 4400p plant is 
most likely to experience quenching immediately after the blowdown peak. The submitted 4- 
loop plant calculation does not show that behavior. 

Question 105: Explain why the methodology does not contain an uncertainty assessment 
regarding peak local oxidation. At the higherPLHGRs and with downcomer boiling, what is the 
core wide oxidation. 

Response 105: In the last paragraph of Section 5.4 (EMF-2103) a statement is provided 
specifying an uncertainty assessment of PCT, peak local oxidation (a.k.a. maximum nodal 
oxidation), and core wide oxidation. This is provided in terms of the 95/95 and 50/50 results. In 
general PCT results are emphasized since the temperature limit is much closer to calculated 
PCT results likely from an LBLOCA analysis and since the oxidation variables are primarily 
dependent on clad temperature. 

Other conditions being equal, at higher PLHGRs and at low containment pressures in which the 
effects of downcomer boiling would be expected to be the strongest, clad temperatures would 
likely remain high for a longer period of time. To ensure an accurate accounting of oxidation 
variables, a calculation is not terminated until the clad temperature at the peak power node 
drops below 1200°F and the transient time is greater than 300 s (guillotine breaks) or 400 s (split 
breaks). At temperatures below 12OO0F, oxidation rates are not significant enough to 
appreciably increase the total oxidation. Nonetheless, most cases tun out to total core quench. 

Question 106: What is the basis of the mderator-density feedback curve employed in the 
analysis? Is the most positive MTC allowed by the Tech. Specs. used? Please explain and 
show the reactivity versus density curve used in the demonstration analysis. What doppler 
feedback curve is used? What is the uncertainty in these curves applied to the analysis? 

Response 106: [ 

1 
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Question 107: In Table 5.7 on page 5-23 of EMF-2103, how was the lower limit on T inlet 
determined? Will the analysis be applied to plants during an end of cycle coastdow? If so, what is 
the sensitivity of the methodology to T inlet and how would the evaluation be performed? 

Response 107: Core inlet temperature is a plant parameter which is sampled over the range of 
operation of the plant. It is expected that the utilitycustomer will supply this information and 
supporting data to Framatome. Sensitivity studies on the effect of perturbations of this 
parameter on PCT showed that PCT was relatively insensitive to core inlet temperature over the 
normal operational range. For the 3- and 4-loop sample problems, no account has been made 
for end-of-cycle coastdown; however, because of the power coastdown, conditions typical of 
end-of-cycle coastdown are not expected to challenge LOCA acceptance criteria as much as 
earlier periods in the cycle. 

For plants that apply an end of cycle coastdown, a number of parameter ranges may change 
during this period. This RLBLOCA methodology already addresses time-in-cycle variations from 
a neutronics and bumup perspective. Hence, the end of cycle coastdown will be addressed 
through the sampling of time-in-cycle dependencies and programming the model changes that 
correspond to that coastdovm period. 

Question 108: In Fig. 5.2 on page 5-29 of EMF-2103, which peak temperatures are due to first 
peaks and which are due to reflood peaks? The peaks corresponding to times beyond 100 
seconds are very low. These appear to be reflood peaks; please explain why the reflood peaks 
are so low when linear heat rates are based on peaking factors in the range 2.4 to 2.6? M y  do 
the guillotine breaks appear to be all first peak limited? 

Response 108: This sample problem is representative of a 4-loop PWR. The PCT signature 
predicted by S-RELAP5 for the 4-loop problem will typically show a blowdown peak within the 
first 10-15 s and then a single reflood peak between 30-60 s. With emergency core cooling 
coming from 3 intact loops, the M-peak characteristic is not a surprising result. For the smaller 
split breaks the emergency core cooling is more than adequate to supptess clad temperatures; 
hence, those cases showing a late reflood peak (> 100s) will typically be those smaller split 
breaks. A 3 4 0 0 ~  PWR sample problem has been supplied as Appendix D of EMF-2103 
Revision 0. The PCT signature from the 3400p problem does show cases having either a 
blowdown peak, an early reflood peak, or a late reflood peak. 

Question 109: Fig. 5.3 show break areas of 1 .O v and less. M a t  is the effect on the PCT 
distribution if breaks 1.0 and smaller are thrown out? The upper limit on the break size is 
about 4.0 f f .  What are the break multipliers for the largest sizes in Fig. 5.3? How are the 
multipliers applied to each side of the bleak? Please explain. 

Response 109: Following the statistical discussion provided in Section 5.2.1 , if, for example, 
the 10 cases with break sizes less than 1 .O ft2 were removed, the limiting calculation muld still 
represent about a 94/95 coveragelconfidence (i.e. , (0.94)49=0.05). Performing the 59 cases 
excluding breaks smaller than 1 .O ft2 would have some likelihood (10/59 = 17%) of exceeding 
the limiting PCT calculation; however, the probability that the resulting PCT would be 
significantly greater than the next highest PCT would be small. 
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Question 110: What does the scatterplot for PCT versus reflood rate look like? 

Response 11 0: The reflood rate varies over a very wide range during the LBLOCA and one 
would have to define some sort of weighted average of the timedependent reflood rate values 
to create the requested plot. Reflood rate is not a parameter that Framatome ANP considers in 
the LBLOCA, other than to assure that the range of reflood rates experienced during a LBLOCA 
are covered in the validation database. Since the dependence on axial power shape, film boiling 
heat transfer, and break size are so strong, it is likely that if the requested plot were created, it 
would look like a typical random scatter plot. Such a plot wu ld  not have much value from an 
analytical point of view. 

Question 11 1 : Table 5.7 identifies the failure of 1 LPSI and 1 HPSI. Please show the PCTs for a 
diesel failure, an LPSI failure, and no failure on the same plot. 

Response 11 1 : [ 

1 



N RC:02:062 
Attachment 1 

Page 186 

400.0 
0.0 

Worst Break Sensitivity 
PCT Temperature 

1760.0 

z 

D 
2 
a 1260.0 7 

$ 
Y 

6 

i 
;a 

760.0 5 

rt. 

f 
v 

100.0 200.0 
Ern, Ic\ 
I ¶ l E l U  {U! 

Figure I 1  I .I Clad Temperature Response from Single-Failure Study 

As a followup to this study, another study has been performed analyzing a suite of single-failure 
assumptions including the no failure assumption. This study has been applied to a low 
containment pressure plant simulation. The specific calculations are summarized in the 
following table: 
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Figure 11 1.2 Clad Temperature Response from Single-Failure Study 
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Figure 11 1.3 Containment Pressure Response from Single-Failure Study 
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Figure 11 1.4 Liquid Level Response from No Failure Simulation 

Question 11 2: In Table 5.7, why is SG plugging limited to 10% since the average for operating 
plants is 15%? How is the plugging distributed among the SG? How are asymmetries in 
plugging handled? 

Response 11 2: In the sample problems, steam generator tube plugging has been set to 10%. 
This value is arbitrary for this analysis. For an actual analysis, this information would be 
provided from the utility customer and likely be adjusted to meet the demands of plant operation. 
Sensitivity studies on tube plugging show very little impact on PCTs; however, the increased flow 
resistances do contribute to somewhat lower reflood rates and, hence, core cooling precedes at 
a rate slower than with steam generators with no plugging. To support subsequent fuel cycles, 
utility customers usually request that steam generator tube plugging be set higher than current 
cycle conditions. If steady-state loop flows are significantly impacted, asymmetry in steam 
generator tube plugging must be considered. Since each steam generator is modeled 
separately, asymmetric plugging levels can be incorporated by adjusting geometries and flow 
losses as appropriate in each steam generator. 

Question 1 13: Table 5.7 lists the hot assembly to be anywhere in the core? Please show the 
core flow and PCT for the hot assembly placed in the most limiting position which minimizes 
blowdown cooling. 

Response 11 3: The position of the hot assembly in the core refers to its placement relative to 
other assemblies in the core and structure in the upper plenum. For LOCA, the influence of the 
other assemblies is driven by the radial power distribution in the core. The radial core nodalization 
is always as that shown in Figure 4.7 of the methodology document. [ 
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Question 11 4: Minimum EC boron of 2925 is used in the analysis. M a t  is the minimum time to 
boron precipitation for this boron concentration? Show that the swkh to simultaneous injection 
occurs before precipitation for the limiting large break and location. 

Response 114: See the response to Question 32. 

Question 11 5: Please explain h y  the PCT is not skewed toward the higher values as power is 
increased in Fig. 5.6 of EM-2103 and Fq is increased in Fig. 5.7? 

Response 115: In most of the PCT scatter plots in Figures 5.2-5.16, an obvious trend is difficult 
to discem. These figures are presenting the PCT results from the same set of 59 calculations 
through many different “filters.” Because so many parameters are being vaned, only the few 
most dominant parameters will show a correlation with PCT. [ 
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Question 11 6: How is the AS1 chosen in the analysis? Are power distributions with power 
skewed toward the top most likely and how does the AS1 chosen reflect the most likely 
distribution ? 

Response 11 6: [ 

1 

Question 11 7: Please explain M y  the trend in PCT is not increasing with increasing inner ring 
and cold ring power? Are these PCTs detennined with the hot assembly located in the position 
which minimizes core flow and cooling during blowdown? Which PCTs are first peaks? 

Question 11 8: What do the PCT scatterplots look like if they are separated into first peaks and 
second peaks? 

Response 117 and 118: [ 

1 
Figure 5.2, which shows the PCT vs. Time-of-PCT, can be used to differentiate first versus 
second peaks. There are about 10 cases showing a blowdown PCT in Figure 5.2. These all 
occur before 20 s. The break area has such a strong influence on the time of PCT (blowdown 
PCT and first or second reflood peak) that it masks any other potential trends. 

Question 119: Why does the PCT turn around so quickly in Fig. 5.18? M a t  is the reflood rate 
versus time for this break? Please explain why the quench occurs so early since downcomer 
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boiling should initiate followng discharge of the SITS. 

Response 119: The PCT tums around quickly because there is water in the core. The 4-loop 
PWR LBLOCA benefits from the early blowdown cooling (see Response to Question 120), which 
removes considerable stored energy from the rods at lower elevations. Consequently, the core 
is "easier" to quench during the reflood phase. Figure 119.1 shows the core average reflood 
rate. The ECC water from the intact loop accumulators reaches the cold legs at about 14 
seconds. At about 32 seconds, the water reaches the bottom of the core. During the rest of the 
accumulator injection period (up to about 60 seconds), the ECC water injection rate to the core 
(reflood rate) is about 12 cm/s (4.7 in/sec). The reflood rate drops to about 2.5 cm/s (1 ids) after 
the accumulators are empty. The blowdown cooling and the flow of the accumulator ECC water 
into the core are responsible for the early quench of the lower part of the core. Figure 1 19.2 
shows the heat transfer rate from the downcomer walls and other structures to the fluid in the 
downcomer. It is seen that the heat tlansfer rate to fluid is over 50 MW during the accumulator 
injection period. However, boiling is limited to near the surface region since the ECC water and, 
therefore, the bulk of the fluid is highly subcooled as depicted in Figure 119.3, which shows the 
liquid subcooling at the axial level (Level 3) below the ECC injection level (Level 2). 

Note: A short period of negative reflood rate occurs around 270 s. As a consequence of core 
quench at around 220 s, there is a period of increased vapor flow. As this period of increased 
vapor dissipates, there is significant liquid fall back to the core from the upper plenum. Using 
the simple reflood rate approximation applied to generate Figure 119.1, this appears as a period 
of negative reflood rate. 
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Figure 119.1 Average ECC Water Injection Rate into the Core 
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Figure 119.2 Heat Transfer Rate to Downcomer Fluid from Walls and Structures 
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Figure 119.3 Liquid Subcooling in Downcomer at Axial Level 3 from the Top (One level 
Below the ECC Entrance to Downcomer) 

Question 120: What is the cause of the spike in flowat about 7.5 seconds in Fig. 5.20? M a t  is 
the PCT if this flow spike is eliminated? 

Response 120: Figure 120.1 shows the sum of mass flow rates from the four cold legs to the 
downcomer and the mass flow rate from the lower plenum to the core. The flow from the broken 
cold leg to the downcomer is negative (out of the downcomer). At the beginning of the transient, 
the magnitude of the broken loop flow is much larger than the sum of the three intact cold leg 
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flows and the net flow to the downcomer is negative. Thus, liquid flows from the downcomer and 
three intact loops to the break. To supply the additional break flow, liquid also flows downward 
from the core to the lower plenum and up the domcomer to the break. This produces the early 
core flow reversal. As the system pressure rapidly decreases, the magnitude of the critical flow 
at the break decreases substantially due to the change in upstream conditions as depicted in 
Figure 5.19 of EMF-2103(P). During this time, the flow from the three intact cold legs does not 
change much due to the flow inertia and the short available time for pump coastdown. 
Consequently after the early core flow reversal, there is a short time period during which the net 
flow to the downcomer and lower plenum regions is positive. Furthermore, the intact cold legs, 
downcomer, and lower plenum are still full of liquid. This forces an upward flow through the 
core. This is a well-known characteristic of the 4-loop plant LBLOCA. For this particular 
calculation, the positive flow period is between 3.3 seconds and 5.6 seconds. The positive flow 
reaches the core at about 5 seconds. This positive core flow is real and can produce core 
quench during the blowdown period, as experimentally observed in the LOFT L2-3 and L2-6 
tests. However, S-RELAP5 calculates enhanced blowdown cooling but no quenching due to this 
effect. The positive flow into the core during this blowdown period is a real physical 
phenomenon; it cannot be eliminated. 

r 

_I 
Figure 120.1 Sum of Mass Flow Rates from Cold Legs to Downcomer and Mass Flow - 

Rate from Lower Plenum 6 Core 
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Question 121 : What is the cause of the domcomer level increase just after 50 seconds in Fig. 
5.25? What causes the drop in level at 225 seconds? Please showa plot of the domcomer void 
fractions verSus time. Also show a plot of the domcomer temperatures for these locations 
versus time compared to the saturation temperature. 

Response 121: Continuing accumulation of ECC water in the downcomer is the cause of the 
downcomer level increase. The quenching of the bottom of the core retards the water flowing 
into the core and the accumulator water flowing into the downcomer is rather strong; therefore, 
more water is accumulated in the domcomer. At around 200 seconds, the high power region 
(middle upper elevations) of the average and hot channels quenches within a few seconds 
between different axial elevations. The extra steam generated flows through the intact loop cold 
legs to the downcomer and carries more water from the downcomer out to the break. This 
causes the downcomer level to drop. Figure 121.1 shows a plot of downcomer void fraction at 
axial level 3 (the ECC water entering the downcomer at axial level 2). The water subcooling 
(saturation temperature - liquid temperature) at the same axial level is shown in Figure 1 19.3. 

r 

Figure 121.1 Void Fractions at Third Axial Level from the Top of the Downcomer 
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Question 122: Show a plot of the core flow at the PCT location. 

Response 122: Figure 122.1 shows the vapor mass flow rate at the PCT node (9.4 ft) in both 
axial and radial directions. The flow in the radial direction is much lower than the axial flow and 
is positive (flowing out of the volume) during the reflood period. The corresponding liquid mass 
flow rates are shown in Figure 122.2. The axial flow is rather chaotic. The radial flow is positive 
before the region is quenched. The chaotic axial liquid flow is inherent with the reflood 
calculation. The large amount of vapor generated in the quenching volume causes a temporary 
pressure increase in the volume, which in turn throws chunks of the liquid up and down into the 
neighboring volumes. A portion of the liquid thrown upward falls back down and some gets 
carried out of the core by the vapor. Figure 122.3 shows that at the uppertie-plate junction 
above the hot assembly the liquid flow is always upward and there is no liquid falling down from 
the upper plenum into the hot assembly. 

r 

Figure 122.1 Axial and Radial Vapor Mass Flow Rate at the PCT Node (9.4 ft) 
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Figure 122.2 Axial and Radial Liquid Mass Flow Rate at PCT Node (9.4 ft) 
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Figure 122.3 Liquid Mass Flow Rate at the Upper Tie Plate Junction 
Above the Hot Assembly 

Question 123: Please show the heat transfer coefficient and steam temperatures 
corresponding to Fig. 5.18. Also show the core void fraction versus time for these locations and 
the droplet size at the hot spot veBus time. What is the reflood rate versus time? 

Response 123: Heat transfer coefficient, steam temperature, void fraction and droplet size are 
shown, respectively, in Figures 123.1 through 123.4. The reflood rate is shown in Figure 119.1 
(see Response to Question 1 19). Note that the dmplet diameter is not used after an elevation is 
quenched. 
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Figure 123.1 Heat Transfer Coefficient at Four Elevations 
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Figure 123.2 Steam Temperature at Four Elevations 
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Figure 123.3 Void Fraction at Four Elevations 
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Figure 123.4 Droplet Diameter at PCT Node 

Question 124: why does the PCT show the rapid temperature decrease just after the SITS 
empty? What are the LPSl and HPSl flow rates after SIT exhaustion? 

Response 124: (See Responses to Questions 1 19 and 120 k r  more detail.) The clad 
temperature decrease is due to the pmence of water in the region. The blowdown cooling 
discussed in Response to Question 120 contributes to a reduction in PCT. The flow of the 
accumulator ECC water into the core discussed in Response to Question 1 19 accounts ibr 
about a 30 second period of higher reflood rate. As a consequence, the clad temperature is not 
too high and there is water in the core. The LPSl and HPSl flow rates are shown in Figure 124.1 

In addition, the following phenomena are associated with the emptying of the SlTs that 
contribute to higher ECCS flow and a pressure pulse at this time. As the SlTs empty, the ECC 
lines connecting them must also be cleated. When this happens, the effective pressure drop 
resistance of the lines (portion in liquid flow) decreases faster than the gas expansion driving the 
injection. This results in an unbalanced force that accelerates the ECC injection rate as the lines 
clear. When the lines are cleared, a pressure pulse follows due to the nitrogen when it enters 
the vessel (see response to Question 126). These two phenomena enhance cooling just as the 
SITS clear. 
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Figure 124.1 LPSl and HPSl Mass Flow Rates 

Question 125: why is the lower plenum liquid solid at about 75 seconds? M y  is there no 
boiling in this region? How is wall heat modeled in the l o w r  plenum? Please explain. 

Response 125: Lower plenum walls and internal structures are modeled. Figure 125.1 shows 
the total heat power released to the lower plenum fluid from these structures. The heating 
power to fluid is still about 9 MW at 75 seconds and decreases rather slowly. However, the bulk 
liquid is highly subcooled, as indicated in Figure 125.2; therefore, boiling is limited to the fegion 
close to structure surfaces. 
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Figure 125.1 Heat Transfer Rate to Lower Plenum Fluid 
from Walls and other Structures 
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Figure 125.2 Liquid Subcooling (Saturation Temperature - Liquid Temperature) 
in the Lower Plenum 

Question 126: What is the source of the pressure spike in Fig. 5.28 at 70 seconds? Please 
explain. 

Response 126: The pressure rise starts at 60 seconds and reaches a maximum value at 63 
seconds. The start of the pressure rise coincides with the emptying of the accumulators. The 
nitrogen in the accumulators begins to flow into the system when the accumulators are nearly 
empty. The pressure associated with the nitrogen gas is determined by the initial amount of gas 
present and the volume to which this gas has expanded. As the nitrogen enters the system its 
pressure is above that of the system. At this time the sytem pressure is near the containment 
pressure. Thus, the calculated system pressure at the injection point rises rapidly to the nitrogen 
pressure, then decreases as the nitrogen gas is dissipated. The flow of nitrogen into the cold 
legs also reduces the condensation rate and thus increases the pressure. Nitrogen bubbles can 
also be trapped between liquid regions and cause pressure to increase. 

Question 127: What is the sensitivity of PCT to the expected vaiation in containment 
pressure? What is the uncertainty in containment pressure? 

Response 127: [ 
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Question 128: Page A 4  of EMF-27 03 states that a discussion of each study is not pwctical. In 
order to demonstrate the basis for these studies plots of key parameters ate needed along with 
a discussion of the results. The basis for each sensitivity needs to be explained and the key 
plots presented with comparisons to the base case to pmvide the technical justification for the 
choices for the parameters listed in the sensitivity studies given in Table A.2. 

Response 128: Sections 4.1 .I, 4.2, 5.1.2 and AppendixA discuss the role of sensitivity studies 
in the development of this methodology. Section 4.1.1 provides detail on how most of these 
sensitivity studies were performed for the purpose of establishing the Assessment Matrix. 
Section 4.2 refers to the role of sensitivity studies in the nodalization definition. Section 5.1.2 
clarifies the use of results from sensitivity studies within the non-parametric statistical 
methodology. Appendix A provides an overview of how the sensitivity studies were designed. 

In non-parametric statistics, sensitivity studies are not used to develop a response surface. The 
role of sensitivity studies is basically to confirm the importance of the highly ranked PlRT 
phenomena and to determine which of the plant parameters are important. Those phenomena 
and parameters demonstrated through the sensitivity studies to actually impact the predicted 
PCT are those which will be addressed statistically in the methodology. This list of important 
phenomena and parameters are then used to define the assessment matrix for determining 
uncertainties and to define which plant parameters will require data to support their statistical 
treatment. Thus, the importance of the sensitivity studies in non-parametric statistics is 
significantly less than in the response surface approach. 

Overall, at least 10 calculational notebooks w r e  created documenting approximately 400 
sensitivity studies. This documentation is about 3000 pages mrth of information and includes 
the calculational detail requested. If this detail is of interest to the NRC it is available for their 
review at the Framatome ANP offices. 

Question 129: The discussion in Section A.2 tefers to core flow stagnation, reduced heat 
transfer and many other phenomenological behaviors but does not show any plots other than 
PCT. Figs A. 7 thmugh A.4 do not display quench. Please show the quench for these cases. 
What is the impact on clad oxidation forthese cases? Comparison of Fig. A.3 Uith A. 1 show an 
increase in PCT of 500 F. Given this large change in PCT and the fact that the SRELAPS did 
not capture the effects of nitmgen which was to subsequently increase PCT after the initial 
decrease, please provide the justification for including this PCT benefit in the methodology. Is 
Fig, A. 2 incorrectly labeled as this plot for the 4400p plant? why does the PCT increase 
substantially beyond that for the 3-loop plant compared to the 44oop plant when nitrogen 
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injection is precluded. 

Response 129: Unlike the parametric statistical approach taken in the CSAU sample problem 
given in NUREG/CR-5249, sensitivity studies are not used in the development of a PCT 
response surface. This is not required in a non-parametric approach. The primary application of 
these sensitivity studies was to determine a relative PCT sensitivity to the many LOCA 
parameters identified in the PIRT (and from plant operation considerations) and to determine 
which parameters should be treated statistically. This information serves to define the 
assessment matrix. The figure-of-merit in this process was chosen to be PCT. For this reason, 
in the sensitivity studies performed, only PCT vs. time information was recorded. Once PCT 
sensitivity was determined, the calculation could be terminated. Core quench time is not 
included in the PIRT; hence, it wasn’t necessary to run the calculations out to core quench. Clad 
oxidation is dependent on clad temperatures and thus does not need to be ewluated separately. 

Clad oxidation and accumulator nitrogen were not included in many of the sensitivity studies 
because they can potentially introduce nonlinear PCT sensitivities that might disguise the true 
sensitivity of the studied parameters. This is discussed in Section 4.1.1. mote: one set of 72 
sensitivity studies included accumulator nitrogen and another -35 sensitivity studies were done 
examining PCT fuel rod parameters such as clad oxidation, these are mentioned in Table A.2.) 

Nonetheless, both clad oxidation and accumulator nitrogen are applied in this RLBLOCA 
methodology (i.e., no benefit has been taken). As a method to ewluate PCT sensitivities to 
serve in the CSAU decisionmaking process, this action was judged to be appropriate. 

Figure A.2 is incorrectly labeled. It should read “PCT independent of elevation for the 3-loop 
plant at nominal power without accumulator nitrogen effects”. This will be corrected in the 
document. Three of the four sets of sensitivity studies were performed without including 
accumulator nitrogen. The cases shown in Figure A.3 and A.4 are described in the third and 
fourth bullets in the first paragraph of Section A. 1. 

For the cases referred to by Figures A.3 and A.4, a top skeved axial power profile and an 
increase in both core and decay power were made to force PCT to occur during late reflood. 
The relatively higher PCT in the 3400~  base case is the result of a number of differences 
between the 3- and 4-loop problems; however, the biggest player is probably that emergency 
core cooling is served through only 2 intact loops in a 3-iOOp PWR vs. 3 intact loops in the 4-ioOp 
PWR. 

Question 130: How does low rod pressure produce more conservative PCTs as indicated in 
Table A. 2? Higher rod pressures at higher linear heat rates will eventually cause blotMown 
ruptures increasing the stored energy at end of blowiown that wll increase PCTs. Please 
explain. 

Response 130: Table A.2 states that the low rod pressure sensitivity study “produces slightly 
more conservative PCTs - not significant to range, use nominal values.” The actual difference 
in PCT was 17.3”F. This is within the normal code numerical uncertainty given as [ 
Appendix C; hence, the conclusion was that this is not a significant difference and that, for this 
reason, it is unnecessary to range this parameter. 

] in 

The likelihood of blowdown ruptures is consistent with the condition of higher rod pressure which 
is characteristic of high bumup fuel rods. Framatome’s experience is that such fuel rods are 
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present for latter cycle fuel, i.e., once- or twice-burned fuel. Sensitivity studies examining clad 
temperature sensitivity relative to bumup have shown that sampling from first cycle fuel 
assemblies, will produce clad temperature predictions which will bound the clad temperatures 
predictions for previously burned fuel. This has been attributed to the lover power densities 
characteristic for previously burned fuel. 

Question 131: In the rupture sensitivities given in Figs. 8.3 and B.4, howwas fuel relocation 
and the subsequent heat generation in the ruptured zone modeled? If this w s  not taken into 
account, please justiw the om'ssion of fuel relocation effects in the ruptured region. How does 
blowdown rupture influence the conclusions of the rupture study? What assumptions are made 
regarding rupture of the surrounding rods in the rupture study. Are touching strains predicted 
and what conditions are needed for this condition? What is the justification forthe blockages 
calculated that show rupture reduces PCT? What is the PCT sensitivity to percent blockage up 
to the maximum? What test data w s  used to justify the less liming nature of rud rupture and 
show S-RELAPS comparisons to the data? 

Response 131: [ 
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Question 132: Please show the heat transfer coefficient vs time for Figs. 8.3 and 8.4. Also 
show the temperature of the node just above the mptured region and it’s corresponding heat 
transfer coefficient. Also show the gap conductance vs time for the mptured and unmptured 
region just above. Ate the drop sizes affected by the ruptured region. What is the void fraction 
and corresponding drop sizes versus time at the hot spot? 

Response 132: A sensitivity study of the effect of using a swelling and rupture model is 
presented in Appendix B of EMF-2103(P). In this study, the rod swelled but did not rupture, 
though this may not be clear from the discussion. The intent of the original calculations was to 
examine the rod performance issues in a “bounding manner”. Applying the method described in 
Section 5.1.3.2 of the methodology document (EMF-2103(P)), a limiting hot rod was identified 
from a large set of neutronics calculations designed to analyze the specific reload cycle. This 
limiting rod is the rod that is expected to have the highest peak LHGR rate. In the study, the 
highest LHGR calculated using the method tom Section 5.1.3.2 was 11.5 kWlf&. After this rod 
was identified, the LHGR was increased so that the rod-averaged power (i.e., radial peaking 
factor) was 80% greater than core average (a bounding value for most, if not all, currently 
operating PWRs). In the sensitivity studies, this raised the peak LHGR to -12.5-13 kWlft, which 
varies depending on burnup. The specific sensitivity studies presented in Section B.2 =re 
designed to examine the effects of the swelling and rupture model in the S-RELAP5 code. This 
is the NUREG-0630 model most commonly used in LOCA analyses. In both instances, the use 
of this model provided a benefit in terms of PCT and oxidation criteria. The conclusion from this 
study is that it is conservative to neglect swelling and rupture in the methodology. The 
complexity of the swelling and rupture phenomena is such that it w s  decided to accept this 
conservatism in the methodology. 

In response to this question an additional analysis has been perform applying the swelling and 
rupture model (based on NUREG-630) to the limiting PCT calculation presented in Appendix D. 
The purpose of this was to perform a sensitivity study where rupture did occur. The following 
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figures provide the requested results from the additional sensitivity study. The first figure 
presents a PCT comparison for a calculation including the svelling and rupture model vs. the 
base case. As with the calculations given in Section 8.2, PCT is reduced relative to the base 
case. In addition, examination of the oxidation criteria shows that the base case results also 
bound the swelling and rupture case. The second figure shows the heat transfer coefficient vs. 
time for the two cases at node 28 which is the rupture node when the swelling and rupture model 
is enabled (indicated as “Modeled Enabled” on the figures). Also, from the “Model Enabled” 
calculation, the heat transfer coefficient is shown for the node immediately above the rupture 
node. The third figure shows the clad temperature traces at these same three nodes. The last 
figure shows the gap conductance. The drop in gap conductance which begins around 13 s is 
from the rod swell. Around 18 s the rod ruptures and the gap conductance drops to its eventual 
minimum value. 

The swelling and rupture model does not take credit for the likely liquid deentrainment that would 
occur as a result of this condition. In addition, the Foslund-Rohsenow dispersed flow film 
boiling correlation is unmodified for this condition. The deentrainment phenomenon is expected 
to be a PCT benefit and by not considering its effects in S-RELAP5, the analyses possess this 
conservatism. A discussion of void fraction and droplet size at the hot spot is presented in the 
response to Question 123. 

PCT Independent of Location 
Cornpardive Sludy on Srwellirg 8 Rupiure Modal 

I I 

I I 

100.0 a00 .0 3C 
Time b) 

3.1 

Figure 132.1 Swelling and Rupture Model: PCT Independent of Location 
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Figure 132.2 Swelling and Rupture Model: Heat Transfer Coefficient 

r 

Figure 132.3 Swelling and Rupture Model: Clad Temperatures Near Rupture Node 
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Figure 132.4 Swelling and Rupture Model: Gap Conductance 

Question 133: Fig. B. 13 shows an increasing PCT at the end of the plot. Please showthe 
transient until quench. 

Response 133: The purpose of the sensitivity study presented in Figure B.13 was to assess the 
impact of pump two-phase degradation model by replacing the bestestimate EPRl model with 
the Semiscale model (with greater degradation). Following the reasoning used to develop the 
PlRT ranking for this parameter, the period of interest is blowdown. The phenomenological 
expectation was that with increased pump degradation, the pumps influence on blowdown 
cooling would be minimized and that this should be obselvable in the first 20-50 s; hence, this 
figure was made to highlight this period of interest. 

As mentioned in RAI response #129, the objective of the sensitivity studies was to determine 
PCT sensitivity to perturbations in a set of PlRT and plant parameters. Due to the volume of 
sensitivity studies required to support the CSAU step on defining the assessment matrix, 
minimizing the calculational run time allowed us to be more efficient in this task. Appendix D 
presents the 3-loop sample problem, this calculation provides the LOCA simulation through 
whole core quench. 

Question 134: Fig C. 1 shows a variation of about 50 K during reflood with time step. Please 
discuss the effect of smaller time steps on PCT. 

Response 134: In reading Figure C.1, clad temperatures do vary within a band of about 50 K 
(90°F). As reported in Appendix C, the actual variation of PCT is only [ 
of merit in this study. Basically, the current time steps used for RLBLOCA analysis is at the 

tolerance threshold for reasonable run times. Smaller time steps have been investigated; 
however, no improvement in numerical uncertainty has been observed. 

1. PCT is the figure 
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Question 135: Please support the basis for the uncertainty, especially the diffeltlnce between 
the 95/95 and 50/50 and the data base used to assess the code pedictive capability (for 
example, there are many more FLECHT-SEASET, FLECHT Cosine and FLECHT Skewd tests 
with PCT between 2000 and 2200 F that w r e  not used in the S#ELAP5 comparisons). This 
would include the sensitivity of PCT to nitmgen injection, fuel sw11 and rupture modeling, 
sensitivity to time step, downcomer boiling sensitivities, etc. If a lager database was used, how 
would the uncertainty be impacted? 

Response 135: It is fully recognized that there are a significant number of tests that haw been 
performed that were not modeled and analyzed in this methodology submittal. The submittal 
followed the CSAU approach of identifying the important transient and plant phenomena through 
the PlRT process. Following the completion of the PlRT an assessment matrix was developed 
to support evaluation of the important PlRT phenomena, defined as those ranked 5 or higher. 
This assessment matrix was then evaluated and uncertainties developed and conservatisms 
justified. The most likely result of using a larger database is that the uncertainties would 
decrease. 

Question 136: As identified on page 3-17 of EMF-2100, the Weber number is used to define 
the maximum bubble size. For reflood calculations, Wallis has proposed a formula-based on 
Taylor instability theory. Please discuss the inpact of the Wallis approach for choosing bubble 
size on level swell and reflood behavior and justify the model. 

Response 136: The bubble size is of little importance for the reflood since the bubbly-slug flow 
occurs only below the quench front. Also, as is pointed out in Response to Question 71a, the 
adequacy and applicability of the bubbly-slug interphase model for the reflood calculation has 
been demonstrated in the excellent codedata comparison of the differential pressure below the 
quench front (Figures 3.3.71 to 3.3.79 of EMF-2102(P) Revision 0). Since the effects are of little 
importance and the existing model is shown to be adequate, Framatome ANP does not feel that 
the effort of incorporating a new model such as proposed by Wallis is warranted. 

Question 137: Regarding the critical Weber number of 4.0 for droplets in dispersed flow (page 
3-1 7 of EMF-2100), Wallis recommends that a Weber number of 12 be used to define the 
maximum drop diameter for viscous fluid droplets. Drop diameters of about 1/10 inch 
characterize LOCA reflood behavior and have been used to captute the PCT in the FLECHT 
tests. Please justify the Wber  number used to compute the drop size for the FLECHT tests. 
What is the loner limit on drop size in the S-RELAP5 methodology and how does this value 
compare to the database? 

Response 137: The critical Weber number and the size of droplets/bubbles are hypothetical 
processes to obtain reasonable values for interphase friction and interphase heat transfer. The 
ultimate justification is how good are the codedata comparisons of void distribution, and fluid 
and surface temperatures. The exact form and interpretation of the critical Weber number 
relation may vary depending on the application intent and the defnition of droplet diameter. In 
S-RELAPS, the critical Weber number is used to determine a reasonable average droplet 
diameter. Also, as discussed in Section 3.2.1 of EMF-2100 (P) Revision 4, the critical Weber 
number is not the only criterion for determining the droplet diameter. An example of droplet 
diameters calculated by S-RELAP5 during the reflood period is shown in Figure 123.4 (see 
Response to Question 123). The droplet diameters are mostly in the range between 0.5 mm 
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and 2.0 mm. Figure 137.1 is a reproduction of a droplet diameter plot for FLECHT-SEASET 
31 504 from NUREG/CR-2256, “PWR FLECHT SEASET Unblocked Bundle, Forced and Gravity 
Reflood Task Data Evaluation and Analysis Report,” November 1981. It is seen that the 
S-RELAP5 calculated values, ranging from 0.5 to 2.0mm, ate within the data range shown in this 
figure. Note that the legend ‘PREDICTION” in the figure is not an S-RELAPS prediction. The 
S-RELAP5 calculation is shown in Figure 123.4 (Response to Question 123). 
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Figure 137.1 Reproduction of Plot of Comparison of Calculated and Measured Drop 
Velocities, Run 31 504, 1.83 m (72 in.) Elevation, Page F20 of NUREGICR-2256 

Question 138: How are the flow regime maps applied to the 2-D downcomer model? 

Response 138: The flow regime map for 2-0 components is discussed in Section 3.1 and in 
the text below Equation (3.1 1) of EMF-21OO(P) Revision 4. In essence, for the 2-D downcomer, 
the axial direction parameters are used for determining the flow regime map and the range of the 
annular-mist regime is expanded. 

Question 139: Since flow regimes affect entrainment and ECC bypass, how was the 
uncertainty in the flow regime maps included in the methodology? 

Response 139: There is no direct treatment of the uncertainty in the flow regime maps used in 
the code. Variations between the code predicted flow regime and the actual flow regime is 
included in the uncertainties generated and consewatisms demonstrated in the other 
parameters, for example heat transfer coefficients. In the deelopment of the code uncertainties 
the differences between the code prediction and the experimental data would include differences 
in the flow regime map. Thus, the uncertainty in the flow regime maps is indirectly included in 
the statistical treatment. 
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Additional Items. 

Item 1: Two Phase Pump Degradation Model 

An evaluation of the use of either the Semiscale or EPRI-CE two phase pump degradation 
model in the RLBLOCA methodologyis presented in Appendix B of EMF-2103(P). The original 
decision was to use the Semiscale twp phase pump degradation model. This decision was 
based on the fact that the sensitivity study showed an 18 degree F higher PCT using the 
Semiscale model than the PCT using the EPRICE model. Since the expected variability in an 
S-RELAP5 calculation is approximately 30 degrees F this degree of variation, 18 degrees, 
indicates that either model will produce the same result in a LBLOCA analyses. Framatome 
ANP uses the EPRICE two phase pump degradation model in its SEWPWR-98 evaluation 
model and other S-RELAP5 based models. In order to use consistent models in the future, 
Framatome ANP will use the EPRICE two phase pump degradation model in the RLBLOCA 
methodology. 

Item 2: Gadolinia Bearing Fuel Rod Modeling 

In the performance of sensitivity studies required to respond to the RAI on the realistic LBLOCA, 
Framatome ANP discovered that the modeling of gadolinia bearing fuel rods had been 
performed incorrectly. The modeling of gadolinia fuel rods was corrected and the results 
showed about a 63F reduction in the 95/95 PCTfor the three loop sample problem and a 66F 
reduction in the four loop sample problem. 

1 

Item 3: NRC Requested Break Size Evaluation 

To evaluate the impact of statistically treating the break size in the Framatome ANP proposed 
Realistic large break LOCA methodology the NRC requested that a sensitivity study on the 
calculated highest PCT case for the 3-loop plant be performed. The staff specifically requested 
that the break size associated with the highest reported PCT in EMF-2103 Appendix D, the 3- 
loop 0.66 DEG cold leg break, be fixed and that the 59 cases be rerun with the other parameters 
selected by Monte Carlo methods as specified in the methodology. 

The 59 cases have been run as requested and the resulting PCTs are provided in Table 1. 
These cases have all been run with the same break size as EMF-2103 Appendix D case 41, 
which is the limiting case from the reported 3-loop sample problem with a break size of .66 DEG 
and a PCT of 1853 F. As shown in the table only two cases from the sensitivity study, case 1 I 
and case 51, have higher PCTs than the limiting case 41 in EM-2103 Appendix D. The 
sensitivity study case 51 has a PCT of 1873 F, which is 20 F higher, and case 11 has a PCT of 
1929 F, which is 76 F higher. 
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A comparison was made between EMF-2103 Appendix D case 41 and the sensitivity study case 
11 to determine the principle parameters contributing to this difference. The comparison is 
provided in Table 2 for the most important parameters with respect to their contribution to the 
PCT. These parameters were selected because they have been shown, based on sensitivity 
studies, to have the largest impact on PCT. As shown in Table 2, the primary differences which 
contributed to the higher PCT in the sensitivity study case 11 are the power parameters. Case 
11 has a higher Fq and a higher peaked axial shape than the limiting case 41 in EM=-2103 
Appendix D. 

An additional break spectrum study was also performed by Framatome ANP to look at variations 
in the break size for EMF-2103 Appendix D case 41, the limiting case tom the 3-lOOp sample 
problem. The results of this study are provided in Table 3 which looks at a range of guillotine 
and split breaks. As shown in Table 3, the PCT was reduced for all larger and smaller break 
sizes relative to the 0.66 guillotine break in EMF-2103 Appendix D case 41. This shows that the 
EMF-2103 Appendix D case 41 break size is the limiting break size for the statistically selected 
conditions. 

In conclusion, it has been demonstrated for the 3-loop sample problem, that performing a 
statistical analysis around the break size for the limiting PCT case, EMF-2103 Appendix D case 
41, results in only a 76 F change in the maximum PCT. This change is due to a more 
conservative selection of the Fq and ASI. It has also been demonststed, that the limiting case 
for the 3-loop sample problem was associated with the limiting break size given the other 
selected statistical conditions in EM-2103 Appendix D case 41. 

Table 1 Peak Clad Temperatures for 59 Cases with Constant Break Size - Sensitivity 
Study 
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Statistical Parameter EMF-2103 Appendix D 
Case 41 

Table 2 Comparison of Sensitivity Study Case I 1  and EMF9103 Appendix D Case 41 
Parameters 

Sensitivity Study 
Case 11 

Axial Shape Index (ASI) 

Fq 
Heat Transfer Multiplier, FILMBL 

Heat Transfer Multiplier, FRHTC 

-0.0088 -0.1361 

2.28 2.38 
0.8813 1.274 
1.059 1.492 

Table 3 Break Spectrum Study for EMF-2103 Appendix D Case 41 
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Appendix A 
Inverse Heat Conduction Model 

Due to the complications resulting from the heater rods being constructed of multiple material 
layers and the specification of an internal boundary condition via a table of measured values, it is 
necessary to use a numerical solution to infer the transient surface heat flux. Also, due to the 
large axial spacing of the rod thermocouples, it is only practical to employ a onedimensional 
treatment of conduction within the rod. Thus, all effects of axial conduction will be ignored. This 
assumption is reasonable under most conditions but it fill lead to potential errors in the 
estimation of the surface heat flux in the vicinity of the quench front. However, because the focus 
here is to determine heat transfer coefficients in the film boiling region, this assumption is not a 
major limitation. 

There are four principal steps in developing a generalized form for the numerical implementation 
of the inverse conduction algorithm. First, the transient conduction equation must be put into 
finite difference form (Section 1 .O), then the appropriate internal boundary conditions must be 
applied (Section 2.0). The resulting matrix solved (Section 3.0) for the transient radial 
temperature profile. Finally, from the calculated radial temperature profile, the surface heat flux 
and the heat transfer coefficient are determined. However, as described in EMF-2102, Section 
5.1.2.1, it is beneficial (if not necessary) to first pre-condition the thermocouple signal to reduce 
noise and to also smooth the resulting heat transfer coefficient. 

2.0 Finite Difference Equation 

The onedimensional transient radial conduction equation is 

= Material density, kg/m3 

= Material specific heat, J/kg-K 

= Material thermal conductivity, W/m-K 

= Radial location from rod center, m 

= Material temperature, K 

= Volumetric heat generation rate within the material, W/m3 

To formulate a numerical model, a radial noding scheme must be chosen and the conduction 
equation volume (or area) averaged for each of the nodes. One way of accomplishing this is to 
divide the conductor into a number of concentric radial rings. For accuracy, the nodal points are 
placed at the geometric centers of each radial ring. Also, when multiple material regions exist, as 
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is the case in fuel rod simulators, the radial rings are chosen so that their boundaries coincide 
with the material boundaries. Within each material region, however, any integral number of radial 
rings can be specified in order to provide for a finer discretization in regions of sharp 
temperature gradients . 

An important assumption in the implementation ofthe inverse heat conduction equation 
calculations is that the presence of the thermocouples within the test rods does not have a major 
impact on the radial temperature profile in the rods. 

An exception to the above is made for the radial ring at the external surface of the fuel rod 
simulator. This last node is taken to be of"half-thickness" so that the actual nodal point is 
located on the surface. A typical noding scheme for a fuel rod simulator is given in EMF-2102, 
Figure 5.1. In this example, there are four material regions with a varying number of radial nodes 
for each region. Note the placement of the last node on the md external surface. 

For the ith radial ring, the cross-sectional area averaged transient conduction equation becomes 

where 

Ai = Cross-sectional area of the ith ring, m2 

K = Inter-node conductance, W/m-K 

qi' = Linear heat generation rate for the ith radial ring, W/m 

The inclusion of the subscript "i" indicates that the value is either the nodal value (in the case of 
temperature) or is the area averaged value for that radial ring. The inter-node conductance 
between node 'Y and node "i+l", denoted as Ki+,/2, is defined in terms of the thermal resistance 
as 

where Rij+l12 is the resistance to heat flow from node 'Y to the boundary between nodes 'Y and 

''i+l" which is indicated by the subscript "i+1/2". Similarly, Ri+,j+1/2 is the thermal resistance 
between node "i+l" and the boundary between nodes 'Y and "i+l". It remains to define the 
values for these thermal resistances. 

To rigorously formulate these resistances, one must know the radial temperature distribution. 
Since this is the quantity we wish to solve for, a way to approximate these resistances is 
required. The method used here is to approximate the transient thermal resistance by its steady 
state value. Thus, 
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where 

I.i = The radius of the node center, m 

5+1/2 = Radius of the boundary, m 

The inter-node conductances are then 

2n ki ki+, 
Ki+1/2 = 

and 

To complete the numerical model, it remains to specify the temporal discretization and to state 
how the material properties are to be evaluated. 

A fully implicit scheme for temporal discretization was implemented. The discretized transient 
heat conduction equation is 

where the superscript "n+l" indicates that the quantity is to be evaluated at the new time and "n" 
at the old time. As indicated abom, the material properties are evaluated at the old time wlue of 
the nodal temperature. 

3.0 Inverse Heat Conduction Equation Boundary Conditions 

In a normal transient conduction solution of a fuel rod simulator (cylindrical geometry), there are 
two boundary conditions: an adiabatic boundary condition for the heater rod centerline and a 
heat transfer coefficient on the external surface. For the inverse conduction solution, the 
adiabatic centerline boundary condition is retained. An internal temperature boundary condition 
is applied at the location of the thermocouple of interest. Implicit to the use of an internal 
temperature boundary condition is the observation that the thermocouple is present within the 
test rod. It is assumed that the presence of thermocouples within the test rod does not have a 
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significant effect on the radial temperature profile. The surface heat flux (or heat transfer 
coefficient) is one of the unknowns to be determined. 

To simplify the discussion, introduce the following notation for the transient conduction equation 
for the ith node 

a,T,":' + biT,"+' + ciT,",' = di (8)  

where all of the temperatures are at new time and their coefficients are 

= (PcpA)i 
ai -ci bi -- 

At 

The explicit right-hand-side term is given by 

Let the nodes be numbered from 1 to N, where N is the index of the node on the clad exterior 
surface. The adiabatic centerline boundary condition is applied to the first node by setting 

a, = O  (9) 

so that the first conduction equation is reduced to 

b,T, + c,T, = d, 

For the last node, the conduction equation becomes 

aNTN-, + bNTN = d, - q;P 

where the wall heat flux, q; , and perimeter, P, have been introduced. 

If the wall heat flux (or equivalently the heat transfer coefficient) were known, we would now 
have a set of N equations with N unknown values of the new time temperature forming a tn- 
diagonal matrix. The solution would then be performed by a straightforward Gaussian elimination 
and back-substitution. However, because the wall heat flux is one of our unknowns, another 
boundary condition must be intmduced. 

Typically, the rod thermocouple would be attached to the inside clad surface. That is, it w u l d  be 
at the boundary between two material regions and hence at the boundary between two 
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cylindrical rings. Let the ring just inside this boundary be denoted by the subscript lh", so that the 
boundary is at "n+1/2" and the first node within the clad has the subscript "n+l". Since the 
location of the measured temperature, Tmea, , to be used as a boundary condition does not 
coincide with the location of one of our nodes, it cannot be used directly as a temperature 
boundary condition. instead, because a boundary cannot store energy, a constant heat flux 
boundary condition across this interface is applied. That is, 

where 

qnnn+1/2 = heat flux from node llnll to the boundary 

qnn+1,2rI+1 = heat flux from the boundary to node "n+l" 

In terms of the thermal resistances introduced above, 

where all of the temperatures are at the new time. Equation (1 3) can be recast as 

b;Tn + ckTn+,T = d:, (14) 

where 

1 

Equation (14) is the implementation of the internal boundary necessary to provide for the 
determination of the surface heat flux. Section 4.0 describes the solution procedure for the new 
time nodal temperatures. 

4.0 Inverse Heat Conduction Equation Solution Procedure 

There are N+l equations (N transient conduction equations plus the interface heat flux 
constraint) and N+1 unknowns (N new time temperatures and the surface heat flux). Therefore, 
the system is solvable. To do so, the solution is diLided into two parts. 
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First, constnrct a matrix consisting of the conduction equations for the first n nodes and the 
interface boundary condition. This gives 

b,T, + c,T, = d, 
a,Tl + b2T2 + c,T, = d, 

. - .  - 

anTn_, + bnTn + CnTn+1 = dn 
bkTn + c;Tn+, = dk 

which has n+l equations and n+l unknown temperatures. Using standard Gaussian elimination 
and back substitution, be now have values for the new time temperatures of the first n+l nodes. 

The temperature, Tn+l, corresponds to the first node within the cladding (i.e., outside of the 
imposed thermocouple temperature boundary condition). It remains to calculate the new time 
temperatures for the remaining clad nodes and the wall heat flux. This system of equations is 

If there are nc nodes in the clad, then \I\R have nc conduction equations in the abom system for 
nc-I unknown temperatures and the surface heat flux. Considering the first equation, both Tn 
and Tn+l are known. Therefore, 

Similarly, back-substitution is used for all of the clad temperatures. The remaining equation is 
then solved for the surface heat flux 

All of the information required to compute the heat transfer coefficient is now known. The heat 
transfer coefficient is defined relative to the saturation temperature as 

where the saturation temperature is taken to be that corresponding to the upper plenum 
pressure. Note that the calculated mlue for the rod surface temperature, TN , is used to calculate 
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the heat transfer coefficient rather than the measured thermocouple temperature. Thus, the 
resulting heat transfer coefficient is consistent with that computed in S-RELAP5. 
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Appendix B 
Quench Time Determination in Measured Data 

The criteria applied to determine quench time in the THTF and FLECHT-SEASET tests are 
different. The differences are caused by the difference in data sampling rates and also because 
the FLECHT-SEASET algorithm was optimized for low pressure reflood conditions. 

FLECHT-SEASET Quench Determination 

The FLECHT-SEASET criteria are taken from Reference 1 (from page E-26 of the report). The 
algorithm examines five sequential data points at a time. These temperature points are identified 
by index, i.e., T(i), T(i+l), T(i+2), T(i+3), and T(i+4). They are associated with time to), t(i+l), 
t(i+2), t(i+3), and t(i+4), as shown in Figure B.l. 

s1 - 
+ -  

c 
I I+ 4 

t (SECI 

Figure B.l FLECHT-SEASET Quench Analysis (Figure E-I from Ref. 1) 

The algorithm is performed in steps. In the first step, the temperature T(i) must be greater than 
149OC for a potential quench condition to exist. 

In the second step, quench mayexist if the slope of the temperature time curve between the 
third and fourth points is greater than 28OC/S. 

T (i + 3) - T (i + 2) 
''2 = t(i+3)-t(i+2) 

<-28 "CIS 

In the third step, if the absolute value of the slope between the third and fourth points is more 
than two times greater than the absolute value of the slope between the first two points, then a 
potential quench condition exists. 
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In the fourth step, provided all of the above criteria have been satisfied, and if the slope between 
the fourth and fifth points is greater than the slope betwen the third and fourth points, then 
quench is determined to have occurred. 

T (i + 4) - T (i + 3) 
t (i + 4) - t (i + 3) SL3 = 

In the fifth step, the time and tempetature of quench is calculated to be the intersection between 
the lines L7 and Lz. 

THTF Quench Determination 

The FLECHT-SEASET algorithm was specifically developed for low pressure reflood conditions 
and for thermocouple traces with low sampling frequencies. Indeed, several of the criteria used 
to find the quench condition are, in effect, hardwired for the conditions expected in FLECHT. 
Consequently, they do not work at all for the high pressure conditions of the THTF reflood tests. 
One possible approach would be to find another set of hardwired criteria to be implemented in a 

THTF version of the algorithm. But the relatively high sampling frequencies of the THTF data, 
20-1 00 Hz, allows another, more mathematical, approach. 

For pool boiling, Tmin is defined to occur at a local minimum in the surface heat flux for which the 
heat flux begins to increase as the wall temperature is reduced. For this special case (constant 
fluid conditions), the criteria for Tmin can be expressed as: 

In theory, one could perform just such a test for the THTF data. However, in quenching tests, 
the fluid conditions change dramatically with time, i.e., from superheated vapor to subcooled 
liquid, and so the derivative of the surface heat flux can be confounded due to the change in 
fluid conditions. Therefore, another set of criteria is needed. 

In a quenching test, the quench tempetature is associated with the 'knee" in the thermocouple 
trace (Figure B.2). 



NRC:02:062 
Attachment 1 

Page 233 

I , 400 I 
0 100 2 DO 300 

Time (s) 

Figure B.2 Illustration of the "Knee" in a Thermocouple Trace 

The physical reason for this "knee" is that as the wall temperature decreases, it reaches a point 
where heat transfer to the liquid can begin and subsequent decreases in the wall temperature 
accelerate the process. The result is a pronounced change in the slope of the thermocouple 
trace thereby creating the "knee" in the curve. The quench condition can then be identified by 
searching for the location of the maximum change in slope of the thermocouple trace, or in other 
words, by finding the location of the most negative value of the curvature: 

m i n r 3 1  3 t, and T, 
L J 

The second derivative of temperature with respect to time for the ith data point is then 
approximated by the finite difference form: 

where, Ti is value of thermocouple temperature for the ith data point and At is the time step siae 
between data points. 

Using this criteria, the time, t,, for which the maximum negative value of the curvature has 
been found indicates that the rod has already begun quenching by this time in the transient. So, 
if the quench time and quench temperature are assigned as the recorded values at this point, 
that is, fQ=tmax and TQ = Tma, then the calculated quench time should be slightlylater than the 
actual quench time and the quench temperature slightly below its actual value. The time 
differential is minimal as the time step s ia  in THTF is either 0.01 or 0.05 seconds. However, 
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despite the miniscule difference in quench time, due to the exiremely high rate at which the clad 
temperature is decreasing (> 400 K per second), the under-estimation of the quench 
temperature can be on the order of 25 K. 

In calculating the quench temperature there are two other complications that should be 
considered: 

0 The thermocouple signal is noisy and to prevent false indications of quenching, the signal 
has been filtered before it was analyzed. How much does this filtering distort the value of the 
quench temperature? 

0 The quench temperature is based on the filtered thermocouple signal and the thermocouple 
is located on the interior of the clad surface. How much does the actual clad surface 
temperature differ from the thermocouple reading? 

The following two figures illustrate the temperature differences that can result from filtering the 
thermocouple signal. In the first, Figure B.3, there is no discemable difference between the 
original and the filtered signal. At an extremely fine scale focused on the quench point (Figure 
B.4), it is observed that the filtered signal has a smoother shape and under-predicts the 
temperature at the point of maximum negative curvature. For this particular example, the 
temperature difference is -9 K. Of course, the exact value of this under-prediction varies from 
thermocouple to thermocouple and from test to test, howver, this example gives a good 
indication of the trend towards under-prediction and its approximate magnitude. 
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Figure 8.3 Comparison of Original Thermocouple Signal and the Filtered Signal 
for Thermocouple TE-320AG of Test 3.02.10C 
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Figure B.4 Detail of the Comparison of Original Thermocouple Signal and the Filtered 
Signal for Thermocouple TE-320AG of Test 3.02.10C Showing 

Location of the Point of Maximum Negative Curvature 

In the S-RELAP5 heat transfer package, the wall temperature criterion for the transition i rom the 
film boiling regime to transition boiling is based on the temperature of a node located on the rod 
surface. In contrast, reported quench temperatures are normally based on a thermocouple 
reading where the thermocouple is attached to the clad interior. This was the case for the 
quench temperatures computed by the data analysis program for the FLECHT-SEASET tests 
and is also the case for the high pressure THTF reflood tests. Consequently, there is the 
potential to introduce a nonconservative bias as the measulled temperature will always be 
greater than the actual clad surface temperature. 

Usually, it is argued that up until the time of quench the rod heat flux is low (on the order of the 
decay heat) and this, combined with the high thermal conductivity of the clad material, results in 
a small temperature drop across the clad that is negligible compared to the uncertainty in 
determining the quench tempemture. That this is indeed the case is illustrated in Figure 8.5. 
The plotted thermocouple signal is the same filtered signal that is used in both the quench 
temperature analysis and as the boundary condition in the inverse conduction solution for the 
heat transfer coefficient. The plotted surface temperature is that which results from the inverse 
conduction solution. 
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Figure B.5 Comparison of Calculated Surface Temperature with Thermocouple Response 
for Thermocouple TE-320AG of Test 3.02.10C at the Onset of Quenching 

Before the arrival of the quench front, the temperature drop across the clad is on the order of 5 
K. During quenching, the thermocouple response lags behind the surface response by about 
0.1 seconds. So, at any given point in time, the clad temperature drop can approach 50 K. 
However, if one compares the points of maximum negative curvature on the two curves, there is 
a time shift of 0.1 seconds but the calculated quench temperature differs by less than 10 K. To 
some extent, this over-prediction counter balances the bias towards under-prediction introduced 
by the signal filtering and by selecting the point with maximum curvature as the quench point. 
Although it would be a difficult exercise to quantify the magnitude of each of these three effects, 
based on the above, it appears reasonable to take the quench temperatures calculated by the 
data analysis program as a lower bound to the actual quench temperatures and to use the 
spread in the data as an estimate oftheir uncertainty. 

Reference 

1. "PWR FLECHT-SEASET Unblocked Bundle, Forced and Gravity Reflood Task Data 
Report, Volume 1 , I 1  NUREG/CR-1532, June 1980. 
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Appendix C 
Changed Pages for Section 5 of EMF-2103 
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5.2.2 Application of Methodology 

The FRA-ANP RLBLOCA methodology is a statistics-based methodology; therefore, the 

application does not involve the evaluation of different deterministic calculations. [ 

] The methodology results in a bounding value 

with 95% probability and 95% confidence in the PCT. 

The PCT criterion is shown to be met with at least 95% probability and 95% confidence by 

comparing the 95/95 PCT value to the PCT criterion. Regulatory Guide 1 . I57 states that it is 

not necessary to explicitly consider the probability of meeting the other 10 CFR 50.46 criteria 

due to the strong dependence of the other criteria on PCT. Demonstration that the PCT 

criterion is met with 95% probability and 95% confidence shows that the other criteria are also 

met with high probability as required by the regulation. In order to define values for peak local 

oxidation and total core oxidation, these values will be reported from the 95/95 PCT case. 

Application of this methodology relies on two computer codes: RODEX3A and S-RELAP5. All 

key LBLOCA parameters are calculated from S-RELAPS; RODEX3A is used to generate the 

initial fuel properties to be used by the fuel performance models in S-RELAPS. Performance of 

the RLBLOCA calculations relies on three analyst-created code input files describing the fuel, 

plant thermal-hydraulics, and containment thermal-hydraulics. The fuel model input is 

Frarnatorne ANP Richland, Inc. 
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The parameters treated statistically are listed in Table 5.6 and the values for the specific 

parameters and ranges addressed are given in Table 5.7. The distributions assumed for this 

sample problem are those given in Table 5.4. [ 

] The results of these 

calculations are presented in Figures 5.2 through 5.28. 

Figures 5.2 through 5.16 present scatter plots for the more important phenomena/parameters in 

the analysis. These scatter plots are provided to demonstrate that the methodology does select 

input which covers the phenomena/parameter ranges and associated distributions. In general, 

it is difficult to see the PCT dependence of an individual parameter from these scatter plots. 

This is primarily due to the fact that there are several major parameters and a conservative 

combination of these parameters is required to obtain the higher values of PCT. Based on this 

the following paragraphs will concentrate on a discussion of the LBLOCA criteria as addressed 

by the analysis. 

1 

1 

1 

Frarnatorne ANP Richland, Inc. 
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5.4 Determination of Total Uncertainty (CSAU Step 14) 

] the biases and uncertainties 

determined during the code assessments are either directly addressed in the statistical analysis 

or demonstrated to be a code conservatism which adds an additional unquantified conservatism 

to the reported results. The final results for the 4-loop sample problem can be summarized as 

follows: 

The 95/95 calculated PCT was 1686 F which compares to the criterion for maximum PCT of 
2200°F. 

0 The maximum nodal oxidation for the 95/95 PCT case was 0.8% which compares to the 
criterion for maximum nodal oxidation of 17%. 

The maximum total oxidation for the 95/95 PCT case was 0.02% which compares to the 
criterion for maximum total core oxidation of 1 %. 

Based on these results, it is concluded that the LBLOCA analysis for the sample W 4-loop plant 

meets the criteria for the LBLOCA event. 

Framatome ANP Richland, Inc. 
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With respect to the identification of the degree of conservatism in the analysis, a comparison 

can be made to the 50150 probability value for the PCT. The 50150 PCT at 1375°F is 31 1°F less 

than the 95/95 PCT. 

Frarnatorne ANP Richland, Inc. 
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Appendix D 
Changed Pages for Two-Phase Pump Degradation Model 
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with higher flows (54 and 68) the predicted levels are either conservative or in reasonable 

agreement. 

For the UPTF tests, the liquid is separated in the steam generator simulator. For the two tests, 

the calculated liquid accumulating in the catch tanks is quite conservative (See Figures 4.168 

through 4.171). 

For the FLECHT-SEASET tests, there is no steam generator. The hot-leg piping terminates in a 

separator, which has a tank with a pipe in the bottom leading to a drain tank. Figures 4.172 

through 4.179 compare the calculated levels in the separator tank and the separator drain tank 

with the measured levels. Because of the tendency of the model to hold a larger quantity of 

liquid in the upper plenum initially than would be indicated by measurements (See 

Section 4.3.3.1.4), the calculated carry-over to the separator is delayed. The bottom line for 

these figures is that the calculation has the liquid carried over to these tanks arriving slightly 

later than the measurements would indicate, with the overall carry-over from the calculation 

being greater. This latter point shows that the liquid entrained and carried over by the hot-leg 

model is conservative. 

4.3.3.1.7 Two Phase Pump Degradation 

The pump two phase degradation is addressed in the methodology as a best estimate input. 

Based on the sensitivity study described in Appendix B for a limiting break on both a 3-loop and 

a 4-loop plant, it is shown that this is not an important phenomenon for the limiting LBLOCA 

case. The use of the Semiscale two-phase degradation instead of the CE/EPRI two-phase 

degradation model produced essentially no impact on the 3-loop results and only an 18 F (10 K) 

for the 4-loop plant. Thus, the best estimate CE/EPRI model will be used in the RLBLOCA 

methodology. 

4.3.3.1.8 Pump Differential Pressure Loss 

The pump differential pressure loss is addressed in the methodology strictly as a best estimate. 

The S-RELAPS code has the ability to input the pump specific homologous curves for the NPP 

being analyzed and this option is used. The homologous curves for the specific NPP pumps are 

obtained from the utility and, if plant data is available, a pump coast down is modeled to ensure 

that the curves are consistent with the plant data. 
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region was tested at full scale in the UPTF, as were the hot legs and the steam generator inlet 

plenum. The steam generator tubing geometry is prototypic in the CCTF (although the number 

of tubes is smaller). All these tests in the three facilities collected water carried over from the 

core under conditions representing the reflood phase of the LBLOCA and all three have 

additional collapsed liquid level measurements. As presented in Section 4.3, a study on 

carryover to the steam generator was performed using the CCTF. From that study, a bias on 

interfacial drag was determined to conservatively bound this phenomenon. The results of the 

CCTF (with bias), UPTF, and FLECHT-SEASET evaluations indicate that S-RELAP5 

overpredicts the entrainment of liquid from the test bundle (Section 5.6 and Reference 5). While 

each test by itself has some deficiencies in terms of simulating a PWR and in terms of scale, the 

combination of the three tests provides a substantial basis for evaluating modeling of the drag 

between the two phases during reflood at full scale. 

4.4.2.2.5 Pump Scaling 

The S-RELAP5 code has normalized single phase homologous curves for a full scale W reactor 

coolant pump as code default. The use of full scale data for the pump makes code scaling moot 

for the pump. These homologous curves are set to applicable values by entering plant specific 

values for rated head, torque, moment of inertia, etc. The coastdown of the pump is driven by 

the torque and moment of inertia of the rotating mass. The torque includes the effects of friction 

and back EMF (pump torque) and of the loop pressure losses (hydraulic torque). The single 

phase pump head and torque curves are adjusted for two-phase degradation based on 

experimental data. The EPRl two-phase degradation data (Reference 54) is based on pumps 

that are similar to PWR coolant pumps and represent best estimate parameters. 

4.4.2.2.6 Cold Leg Condensation 

Cold leg condensation was evaluated at a scaled EPRl test facility (Reference 55) to determine 

the accuracy of the calculated interfacial heat transfer between the ECC water and the steam in 

the cold leg. The principal portion of the test apparatus was the simulated cold leg, which was 

fabricated from straight pipe with an ID of 10.42 in. Two injection points were provided so that 

the pipe lengths downstream of the injection point approximated either a typical PWR cold leg 

scaled down to about one-third or the full length of the cold leg. The cold leg pipe length 

Framatome ANP Richland, Inc. 
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Table 4.1 Parameters Perturbed for PlRT Sensitivity Studies (Continued) 
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Table 4.1 8 Important PlRT Phenomena and Methodology Treatment 
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In the sensitivity studies the single-phase homologous curves ( H,4) used for all cases are 

supplied by the default Westinghouse pump data that is coded in S-RELAP5. The model 

describing two-phase degradation ( HnEGRAD and M ( a ) )  is entered as tabular input to 

S-RELAP5. For the base case, the default EPRI-CE data (Reference 59) for two-phase 

degradation is specified. The sensitivity study examined replacing the EPRI-CE degradation 

model with the Semiscale degradation model. The degradation model is only applied when two- 

phase conditions are present in the pump. During the rapid blowdown resulting from a 

LBLOCA, this period lasts about 10-1 5s following the break. 

The PCT results, relative to the three base cases without accumulator nitrogen, are shown in 

Figures 6.13 - B.15 (extracted for the time period of interest). For the 3-loop plant cases, no 

sensitivity is evident. This is the expected result, since the break size chosen was selected to 

minimize the enhanced blowdown heat transfer provided by the pumps. The 4-loop plant case 

does show an increase in the blowdown peak PCT of about 18 O F  (10 K). 

The PCT change of 18 O F  well within the expected variability of the results which is about 30 O F  

(see Appendix C). In hindsight the pump degradation does not appear to be as significant of a 

parameter as originally anticipated. This result is consistent with the original work performed on 

the CSAU methodology (Reference 4). Since it has been demonstrated that increased pump 

degradation is not an important PlRT phenomena, the best-estimate EPRI-CE degradation 

model will be used in the RLBLOCA methodology. 

Framatome ANP Richland, Inc. 
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Conditions on EMF-21 03( P) Accepted by Framatome ANP 

1. The model applies to 3 and 4 loop Westinghouse and CE designed NSSSs. 

2. The model applies to bottom reflood plants only (cold side injection into the cold legs at the 
reactor coolant discharge piping). 

3. The model is valid as long as blowdown quench does not occur. If blowdown quench occurs, 
additional justification for the blowdown heat transfer model and uncertainty are needed or 
the run corrected. A blowdown quench is characterized by a temperature reduction of the 
PCT node to saturation temperature during the blowdown period. 

4. The reflood model applies to bottom up quench behavior. If a top-down quench occurs, the 
model will be justified or corrected to remove top quench. A topdown quench is characterized 
by the quench front moving from the top to the bottom of the hot assembly. 

5. A counter-current flow limit violation warning will be added to alert the analyst to the 
occurrence of a CCFL violation in the downcomer. 

6. Framatome ANP will not include the hot leg nozzle gaps. 

7. If Framatome ANP applies the RLBLOCA methodology to plants using a higher Peak Linear 
Heat Generation Rate than used in the current analysis, or if the methodology is to be applied 
to an end-of-life analysis for which the pin pressure is significantly higher, then the need for a 
blowdown clad rupture model will be reevaluated. The evaluation may be based on relevant 
engineering experience and will be documented in either the RLBLOCA guideline or the plant 
specific calculation file. 

8. Slot breaks on the top of the pipe have not been evaluated. If an analysis is performed for a 
plant with loop seals with bottom elevations that are below the top elevation of the core, 
Framatome ANP will evaluate the effect of the deep loop seal on the slot breaks. The 
evaluation may be based on relevant engineering experience and will be documented in 
either the RLBLOCA guideline or the plant specific calculation file. 

9. The staff also notes that a generic topical report describing a code such as S-RELAP5 can 
not provide full justification for each specific individual plant application. When a license 
amendment is necessary in order to use this S-RELAP5 topical report, the individual applicant 
must provide justification for the specific application of the code. The justification is intended 
to ensure that the methodology has been applied to a specific plant within the conditions of 
this SE and within the stated limitations of the topical report. The justification may be in the 
form of a checklist that is provided to the NRC for information. The checklist should consist of 
the identification of an item with a statement by the licensee that the item has been (or will be) 
satisfied consistent with the topical report. 
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Nomenclature 

Acronym Definition 
 

ACC accumulator core coolant 

ANP advanced nuclear products 
ANS American Nuclear Society 
ASME American Society of Mechanical Engineers 

BHL beginning of heated length 

BLCL broken loop cold leg 
BLHL broken loop hot leg 
BOCREC bottom of core recovery 
BST blowdown suppression tank 
BWR boiling water reactor 

CCFL countercurrent flow limiting 

CCTF Cylindrical Core Test Facility 
CFR Code of Federal Regulations 
CHF critical heat flux 
CONMAS interfacial condensation heat transfer coefficient multiplier 
CSAU Code Scaling, Applicability, and Uncertainty 

DEG double-ended guillotine 

DIW deionized water tank 
DMS document management system 
DNB departure from nucleate boiling 

ECC emergency core cooling 

ECCS emergency core cooling system 
EDR Experimental Data Report 
EHL end of heated length 
EPRI Electric Power Research Institute 

FCTF Fuel Cooling Test Facility 

FIINVS post-CHF inverted slug regime 
FIMIST post-CHF mist flow regime  
FLECHT Full Length Emergency Cooling Heat Transfer 
FLOREG flow regime 

HEM homogeneous equilibrium model 

HPI high pressure injection 
HPIS high pressure injection system 
HTP high thermal performance 

ICAP International Code Assessment Program 

IET Integral Effects Tests 
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ILCL intact loop cold leg 
ILHL intact loop hot leg 
INEEL Idaho National Environmental Engineering Laboratory (formerly INEL) 
INEL Idaho National Engineering Laboratory 

JAERI Japan Atomic Energy Research Institute 

KWU Kraftwerk Union (SPC), now Framatome ANP GmbH 

LANL Los Alamos National Laboratory 

LBLOCA large break loss-of-coolant accident 
LHGR linear heat generation rate 
LOCA loss-of-coolant accident 
LOCE loss-of-coolant experiment 
LOFT Loss of Fluid Test 
LPCI low pressure coolant injection 
LPIS low pressure injection system 

MCT maximum clad temperature 

MLHGR maximum linear heat generation rate 
MSIV main steam isolation valve 

NAI Numerical Applications, Inc. 

NPP nuclear power plant 

NRC United States Nuclear Regulatory Commission 

OECD Organization of Economic Cooperation and Development  

ORNL Oak Ridge National Laboratory 

PCP primary coolant pump 

PCS primary coolant system 
PCT peak cladding temperature 
PDTF Product Development Test Facility 
PFM pipe flow meter 
PIRT Process Identification and Ranking Table 
PLC programmable logic controllers 
PWR pressurized water reactor 

QLR Quick Look Report 

QOBV quick-opening blowdown valve  

RABS reflood assisted bypass system 

RABV reflood assisted bypass valve 
RLBLOCA realistic large break loss-of-coolant accident 

SBLOCA small break loss-of-coolant accident 

SCTF Slab Core Test Facility 
SDR Software Development Record 
SEASET System Effects And Separate Effects Tests 
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SET Separate Effects Tests 
SMART SMall Array Reflood Test 
SPC Siemens Power Corporation 
S/W steam/water 

THTF Thermal-Hydraulic Test Facility 

TMDPJUN time-dependent junction 
TMDPVOL time-dependent volume 

UCSP upper core support plate 

UPTF Upper Plenum Test Facility 
USNRC United States Nuclear Regulatory Commission 
UTP upper tie plate 

W/EPRI Westinghouse/Electric Power Research Institute 
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1.0 Introduction

This report describes the Framatome ANP (FRA-ANP) methodology developed for the realistic

evaluation of a large break loss-of-coolant accident (LBLOCA) for pressurized water reactors

(PWRs).  The methodology complies with the revised LOCA emergency core cooling system

(ECCS) rule as issued by the U.S. Nuclear Regulatory Commission (NRC) in 1988

(Reference 1).  This rule allows the use of realistic LOCA evaluation models in place of the

prescribed conservative evaluation models as specified by 10 CFR 50 Appendix K, provided

that it can be established with a high probability that the criteria of 10 CFR 50.46 are not

violated.

The basis for the revised rule is a large body of research performed after the 1975 LOCA ECCS

rule was implemented, which shows that the prescribed Appendix K analysis methods are

unnecessarily conservative.  A compendium of ECCS research (Reference 2) was issued that

references the relevant thermal-hydraulic research.

The revised rule requires that an acceptable realistic LOCA ECCS evaluation model have

sufficient supporting justification to show that the analytical technique realistically describes the

behavior of the reactor system during a LOCA.  It is expected that the analytical technique will,

to the extent practicable, utilize realistic methods and be based upon applicable experimental

data.

The amended rule also requires that the uncertainty of the calculation be estimated and

accounted for when comparing the results of the calculation to the temperature limits and other

criteria of 10 CFR 50.46.  The realistic evaluation model will retain a degree of conservatism

consistent with the quantified uncertainty of the calculation.

The final rule does not prescribe the analytical methods or uncertainty techniques to be used.

However, a Regulatory Guide (Reference 3) was issued to provide guidance for realistic LOCA

analyses.  The NRC also independently developed and demonstrated the code scaling,

applicability and uncertainty (CSAU) methodology (Reference 4) for quantifying uncertainties in

realistic codes.  The 95th percentile of the probability distribution is accepted (Reference 3) as

providing the level of conservatism required by the rule.

The purpose of this report is to provide a description of the FRA-ANP realistic PWR LBLOCA

methodology and demonstrate its application to representative nuclear power plants.  The
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methodology documentation is provided in a format consistent with that outlined in the "CSAU

Evaluation Methodology," which specifies that a roadmap be provided for the methodology

followed by a detailed discussion.  Each of the steps outlined in CSAU is addressed in both the

roadmap section (Section 2) and the detailed description section (Section 3, 4, and 5).

As outlined in CSAU the development of this methodology relies on the code documentation.

The models and correlations document provides the information to demonstrate the applicability

of the codes to the chosen event scenario and Nuclear Power Plant (NPP) types through the

use of the phenomena identification and ranking table (PIRT) process. The PIRT identifies the

models and correlations in the code for which biases and uncertainties would have to be

generated or conservatisms demonstrated.

Finally, the results of the code assessments reported in the verification and validation report

(EMF-2102, Reference 5) provides the information required to define how each of the important

PIRT phenomena are treated in the uncertainty analysis.  This treatment ranges from simply

acknowledging that the code is conservative and accepting that conservatism to the definition of

a bias and uncertainty, including their distribution, which are required to treat the PIRT

phenomena statistically.
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2.0 Methodology Roadmap

This section provides an overview of the methodology and points to the detailed discussion of

the individual CSAU steps that follow.  The CSAU approach to realistic LOCA analysis is

diagramed in Figure 2.1.  The CSAU procedure has three major elements:

• Requirements and Code Capabilities (Section 3.0)

• Assessment and Ranging of Parameters (Section 4.0)

• Sensitivity and Uncertainty Analysis (Section 5.0)

FRA-ANP's realistic LBLOCA evaluation methodology is defined and documented consistent

with the CSAU procedure as shown in the following three sections.  FRA-ANP's CSAU-

compliant procedure for PWRs is applicable to Westinghouse (W) 3-loop and 4-loop designs

and to Combustion Engineering (CE) 2x4 designs.

2.1 Requirements and Code Capabilities

The requirements and code capabilities discussion identifies and compares scenario-modeling

requirements with code capabilities to determine the code's applicability to the particular

scenario and to identify potential limitations.  This is accomplished through the performance of

the following six CSAU steps:

• Scenario Specification (Section 3.1)

• Nuclear Power Plant Selection (Section 3.2)

• Phenomena Identification and Ranking (Section 3.3)

• Frozen Code Version Selection (Section 3.4)

• Provision of Complete Code Documentation (Section 3.5)

• Determination of Code Applicability (Section 3.6)

The scenario being addressed in this report is the LBLOCA.  The licensing criteria for this event

are:

• The calculated peak cladding temperature (PCT) shall not exceed 2200°F.

• The maximum calculated cladding oxidation shall nowhere exceed 0.17 times the total
cladding thickness before oxidation.

• The maximum calculated hydrogen generation from the chemical reaction of the cladding
with water or steam shall not exceed 0.01 times the hypothetical amount that would be
generated if all of the metal in the cladding cylinders surrounding the fuel, excluding the
cladding surrounding the plenum volume, were to react.



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 2-2

Framatome ANP Richland, Inc.

• The calculated changes in core geometry shall be such that the core remains amenable to
cooling.

• The calculated core temperature shall be maintained at an acceptably low value and decay
heat shall be removed for the extended period of time required by the long-lived
radioactivity remaining in the core.

These licensing criteria, with the primary focus on the PCT, will be used as the figure-of-merit

upon which decisions will be made with respect to the acceptability of the methodology.  The

PCT is chosen as the primary criteria because all the other criteria are, to some extent,

dependent upon or related to it.

The selected NPP types to which the methodology is to be applicable includes those PWRs with

U-tube type steam generators and ECCS injection into the cold legs.  Provided with the

methodology is a sample problem for a (W) 4-loop PWR and a licensing analysis for a (W) 3-

loop PWR.  The methodology is also applicable to (CE) 2x4 plants (see end of Section 2.0).

A PIRT has been prepared for the LBLOCA and the NPP types.  This initial PIRT was

developed by FRA-ANP from a combination of published PIRTs (Reference 2), reviews by

external experts, and a peer review conducted by FRA-ANP personnel and external experts.

The PIRT that resulted from this process is provided in Table 3.4.

The codes selected for the performance of the realistic LBLOCA analysis include the RODEX3A

fuel rod code (References 6, 7, and 8) and the S-RELAP5 system code (References 5, 9, 10,

and 11).  Frozen versions for each of these codes were selected and used to perform the

analyses presented in this report.  Documents were developed for each of the codes to address

the models and correlations used, and include a users manual, an assessment report, and user

guidelines to execute the methodology (References 12 and 13).  Verification was also

performed to confirm that the models reported in the documentation are the models actually

contained in the code (Reference 5).  In addition, the ICECON code (References 14 and 15)

has been incorporated into the S-RELAP5 code, where ICECON subroutines provide the

required containment boundary conditions.

The final step in the requirements and code capabilities element is to demonstrate that the code

is applicable to the chosen scenario and NPP types.  This objective is accomplished by

comparing the important scenario phenomena from the PIRT and the selected NPP modeling

requirements with the capabilities of the chosen codes.  The results of this comparison
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demonstrate that the chosen codes are applicable to the LBLOCA and NPP types, as shown in

Section 3.6.

2.2 Assessment and Ranging of Parameters

The assessment and ranging of parameters element is used to quantify the uncertainties and

biases that are to be addressed in the analysis of the chosen scenario with the chosen codes.

This element includes four steps:

• Establishment of Assessment Matrix (Section 4.1)

• NPP Nodalization Definition (Section 4.2)

• Definition of Code and Experimental Accuracy (Section 4.3)

• Determination of Effect of Scale (Section 4.4)

Implementing this element requires a series of iterations among the several steps.  An

examination of the PIRT (Table 3.4, Section 3.3) reveals that a large number of potentially

important phenomena must be addressed.  That is, those phenomena ranked 5 or higher.

Assessing so many phenomena would not be manageable.  Thus, the following four-step

process was used to reduce the number of phenomena to be addressed.

First, the NPP nodalization was defined using the following steps:

• A trial nodalization was developed based on internal FRA-ANP experience using RELAP5
codes.

• A limited number of calculations were performed.

• The NPP nodalization was then adjusted until reasonable trends, based on engineering
judgement, were obtained in the results.

• A limited number of experimental assessments was selected and modeled with the
nodalization.

• The nodalization was again adjusted until reasonable trends were observed in both the
NPP analyses and in the assessment calculations.

A peer review was conducted using internal and external experts, to evaluate the proposed NPP

nodalization and the results produced.  The peer review concluded that the nodalization of the

upper plenum required more detail.  This change resulted in a repeat of the above process until

a nodalization was obtained that addressed all the issues identified in the peer review.

Second, each of the potentially important phenomena was paired with a parameter in the code

that could be varied.  Third, a possible range of uncertainty for each of the potentially important
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phenomena and the associated parameters that could be varied in the analysis were defined.

The uncertainty ranges defined were based on a review of available literature.

Fourth, the nodalization and the identified uncertainty ranges were used to perform sensitivity

calculations.  Based on the results of these sensitivity studies, the dominant phenomena were

identified (Table 4.1, Section 4.1) and an assessment matrix was developed to assess these

phenomena (Table 4.3, Section 4.1).  In addition, various assessments were chosen to be part

of the assessment matrix in order to demonstrate the scalability of the code.

Using the assessment matrix, which includes separate effects (SET) and integral effects tests

(IET), each of the assessment test facilities was modeled with S-RELAP5 incorporating the

nodalization defined above.  The initial results of the assessment calculations required

additional modification of both the code and the nodalization.  A complete rerun of the PIRT

sensitivity calculations and a re-evaluation of the assessment matrix were performed based on

the changes made.  Once this iterative process had been completed, the final NPP nodalization,

assessment matrix, and assessment calculations were produced.

Completion of the assessment calculations provided the uncertainties for use in the plant

analyses and also provided the basis for the demonstration of code scalability.  The treatment of

uncertainties is described and quantified in Section 4.3.  The scalability of the code is

demonstrated in Section 4.4.

2.3 Sensitivity and Uncertainty Analysis

The sensitivity and uncertainty analysis element combines the code and model uncertainties

and the plant specific contributors to obtain a total uncertainty and to provide a basis for making

an acceptability statement with respect to the established safety criteria.  The following steps

are included in this CSAU element:

• Determination of the Effect of Reactor Input Parameters and State (Section 5.1)

• Performance of NPP Sensitivity Calculations (Section 5.2)

• Determination of Combined Bias and Uncertainty (Section 5.3)

• Determination of Total Uncertainty (Section 5.4)

The NPP input parameters and possible operating states were reviewed to determine the

applicable input parameters and state.  This review identified a list of inputs that might impact
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the realistic LBLOCA event. Actual NPP operating conditions and typical technical 

specifications were assessed to identify allowed operating conditions. Sensitivity studies were 

performed using the selected NPP model to determine those parameters that impact the 

realistic LBLOCA event. For the most important parameters additional plant data were 

obtained, where available, so that actual operational data distributions could be determined. 

] The identification of the parameters and the results of the 

parameter studies are provided in Tables 5.1-5.4 and Section 5.1. 

The methodology for determination of the combined biases and uncertainties and the 

development of a final statement of probability for the limiting criteria are addressed in 

Section 5.2. To perform these last two CSAU steps, [ 

1 
A licensing analysis for a 3-loop (W) designed plant is provided in Reference 16. Section 5.4 

provides the final statement of overall conformance to the licensing criteria. 

Frarnatorne ANP Richland, Inc. 
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Figure 2.1  Code Scaling, Applicability, and Uncertainty Methodology
Flow Chart
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3.0 Requirements and Capabilities

The objective of the first element of the CSAU methodology is to establish the analysis

requirements and to demonstrate that the chosen codes can address these requirements.  The

important phenomena are determined from the event scenario and NPP types and documented

in the PIRT.  The ability of the codes to address the important phenomena must then be

demonstrated. Documents must be developed that contain sufficient detail to permit the code

models to be correlated with the important PIRT phenomena.

3.1 Scenario Specification (CSAU Step 1)

This report describes methodology for the realistic evaluation of LBLOCAs.  The Standard

Review Plan (SRP) (Reference 17), Event 15.6.5, defines a LOCA.  LOCAs are defined in

SRP Event 15.6.5 as follows:

"Loss-of-coolant accidents (LOCA) are postulated accidents that would result
from the loss of reactor coolant, at a rate in excess of the capability of the normal
reactor coolant makeup system, from piping breaks in the reactor coolant
pressure boundary.  The piping breaks are postulated to occur at various
locations and include a spectrum of break sizes, up to a maximum pipe break
equivalent in size to the double-ended rupture of the largest pipe in the reactor
coolant pressure boundary.  Loss of significant quantities of reactor coolant
would prevent heat removal from the reactor core, unless the water is
replenished."

PWRs are required to be equipped with an ECCS that satisfies the requirements of 10 CFR

Part 50, Section 50.46 (Reference 1).

The LBLOCA event is classified as a Postulated Accident and a Condition IV event

(Reference 17).  This event is not expected to occur during the lifetime of the plant but is

designated a design basis accident.  The specific acceptance criteria for performance of the

ECCS are:

• The calculated PCT shall not exceed 2200°F.

• The maximum calculated cladding oxidation shall nowhere exceed 0.17 times the total
cladding thickness before oxidation.

• The maximum calculated hydrogen generation from the chemical reaction of the cladding
and water or steam shall not exceed 0.01 times the hypothetical amount that would be
generated if all of the metal in the cladding cylinders surrounding the fuel, excluding the
cladding surrounding the plenum volume, were to react.
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• The calculated changes in core geometry shall be such that the core remains amenable to
cooling.

• The calculated core temperature shall be maintained at an acceptably low value and decay
heat shall be removed for the extended period of time required by the long-lived
radioactivity remaining in the core.

• The radiological consequences of the most severe LOCA are within the guidelines of
10 CFR 100.

• The TMI Action Plan requirements have been met.  (The TMI Action Plan requirements are
more specifically related to the Small Break LOCA (SBLOCA) event.)

The methodology described here is shown to be in compliance with the first four criteria above.

These criteria, with a primary focus on the PCT, will be used as the figure-of-merit upon which

decisions are made with respect to the acceptability of the methodology.  The PCT is chosen as

the primary criterion because to some extent all the other criteria are dependent upon or related

to it.

A hypothetical LOCA is initiated by an instantaneous rupture of a reactor coolant system (RCS)

pipe ranging in cross-sectional area up to and including that of the largest pipe in the RCS.  A

spectrum of breaks for both double-ended guillotine and split break types is analyzed.  The

spectrum includes double-ended guillotine breaks ranging in size from one to two times the

cross sectional area of the largest RCS pipe.  The split break spectrum is analyzed for

longitudinal split areas ranging in size from the largest small break size (10% of the cross

sectional area) to one times the full cross-sectional area of the largest RCS pipe.  For a

LBLOCA, the most limiting break typically occurs in a cold leg pipe between the pump discharge

and the vessel.

Offsite power availability must also be considered in the analysis.  If loss-of-offsite power is

assumed to occur coincident with the LOCA initiation, RCS pump coastdown will occur with the

loss-of-offsite power.  For short periods of time following the break and up to about 5 to 8

seconds into the transient, the pump head may be sufficient to maintain positive flow through

the core, which can provide significant cooling of the fuel.  Due to loss-of-offsite power, an

additional time delay for startup of the diesel generators and safety injection system (SIS)

pumps must also be accounted for in the analysis.  The worst single failure is identified and

applied in the analysis.  The worse single failure is typically the loss of one low head safety

injection (LHSI) pump or the loss of a diesel generator.
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A LBLOCA event is typically described in three phases:  (1) blowdown, (2) refill, and (3) reflood.

The blowdown phase is defined as the time period from initiation of the break until flow from the

accumulators or safety injection tanks begins.  This definition is somewhat different than the

traditional definition of blowdown which extends the blowdown until the RCS pressure

approaches containment pressure.  The blowdown phase typically lasts about 12 to 25 seconds,

depending on the break size.  The refill phase lasts from the end of blowdown until fluid from the

ECCS has filled the downcomer and lower plenum up to the bottom of the heated length of the

fuel.  The reflood phase lasts from the end of refill until the core temperatures are reduced.

Following the instantaneous pipe break, the blowdown phase is characterized by a sudden

depressurization from operating pressure down to the saturation pressure of the hot leg fluid. An

immediate flow reversal and stagnation occurs in the core due to flow out the break which

causes the fuel rods to pass through critical heat flux (CHF), usually within 1 second following

the break.  Following this initial rapid depressurization, the RCS depressurizes at a more

gradual rate with the reactor coolant being expelled primarily by vaporization.

A reactor trip signal occurs when either the pressurizer low-pressure trip setpoint or containment

vessel high-pressure trip setpoint is reached.  However, reactor trip and scram are

conservatively neglected in this LOCA methodology, and reactor shutdown is accomplished

initially by moderator feedback and maintained by the boron content of the ECCS water.  A SIS

initiation signal is also actuated when the high containment pressure setpoint is reached.

When the system pressure falls below the accumulator pressure, flow from the accumulator is

injected into the cold legs ending the blowdown period and initiating the refill period.  Once the

system pressure falls below the respective shutoff heads of the high head safety injection

(HHSI) pumps and the LHSI pumps and the system startup time delays are met, SIS flows

begin injection into the RCS.  While some of the ECCS flow bypasses the core and goes directly

out the break, the downcomer and lower plenum gradually refill until the liquid level reaches the

bottom of the core.  During this refill period, heat is primarily transferred from the hotter fuel rods

to cooler fuel rods and structures by radiative heat transfer.

Once the lower plenum is refilled to the bottom of the fuel rod heated length, refill ends and the

reflood phase begins.  The ECCS fluid flowing into the downcomer provides the driving head to

move coolant through the core.  As the mixture level moves up the core, steam is generated

and liquid is entrained.  As this entrained liquid passes into the steam generators, and
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vaporizes, steam binding may occur, reducing the core reflood rates.  However, the fuel rods

are eventually cooled and quenched by radiation and convective heat transfer as the quench

front moves up the core.

3.2 Nuclear Power Plant Selection (CSAU Step 2)

The selected NPP types to which the methodology is to be applied includes those PWRs with

U-tube type steam generators and ECCS injection into the cold leg.  This includes W 3- and 4-

loop plants and CE 2x4 plants.  These three NPP types have very similar hot and cold legs,

pressurizers, steam generators, and vessels.  The largest difference among the NPP types is

the number of hot and cold legs and steam generators.  However, experience in the

performance of Appendix K large break LOCA analyses for the three NPPs has shown that all

three types behave similarly.

All three NPP types have inverted U-tube steam generators, a pressurizer connected to the hot

leg, and ECCS injection into the cold legs.  The steam generators for all three plant types can all

be modeled with a downcomer, boiler, plenum, dryer/separator, and steam dome region.  In

addition, the main and auxiliary feedwater enters the steam generators in the downcomer for all

three-plant types.  The pressurizers are essentially the same and can be modeled with axial

nodes, associated heat structures, heaters, sprays, and a surge line connected to a hot leg.

The plant nodalization for a loop is described in detail in Reference 12 and illustrated in

Figure 4.3.

The configuration of the vessels for all three-plant types is also essentially the same and can be

modeled in the code with the same major divisions and nodalization schemes.  The coolant

enters the vessel through the inlet nozzles and flows into the downcomer.  In the downcomer a

small fraction of the flow leaks into the upper head but the majority of the flow goes down the

downcomer into the lower head/plenum region.  From here the majority of the flow goes up

through the active core with some flow bypassing the core through the baffle and guide tubes.

From the core the flow enters the upper plenum and exits the vessel through the hot leg

nozzles.

The principal difference in the vessel between the W and CE plants is in the connection

between the downcomer and the lower plenum/head.  In the CE plants there may be a flow skirt

that is intended to force part of the flow to pass through the lower head before going into the
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lower plenum region.  The NPP model of the lower plenum to be used for both the W and CE

plant types has been nodalized to address this vessel configuration difference. The plant

nodalization for the vessel is described in detail in Reference 12 and illustrated in Figure 4.4.

As indicated above the principle difference between these NPP types is in the number of hot

and cold legs and steam generators.  The W 3-loop NPP has 3 hot legs, 3 cold legs and

3 steam generators.  The W 4-loop NPP has 4 hot legs, 4 cold legs, and 4 steam generators.

The CE 2x4 plant has 2 hot legs, 4 cold legs and 2 steam generators.

A typical vessel loop configuration for the three NPP types is shown in Figure 4.5.  This figure

shows the location of the cold legs (arrows pointing into vessel) and hot legs (arrows pointing

out of vessel) for the three NPP types.  Since the hot legs pass through the vessel downcomer

region into the upper plenum they essentially provide a flow path blockage at the elevation of

the hot and cold legs in all three NPP types.  As illustrated in this figure the flow paths for the W

4-loop and the CE 2x4 plants are very similar in relation to the hot and cold legs.

To further demonstrate that these three NPP types are very similar and respond in essentially

the same manner, approximate values for some of the important NPP parameters are provided

in Table 3.1 and a sequence of events from a typical Appendix K analysis is provided in

Table 3.2.  As illustrated in Table 3.1 the biggest difference in the important NPP parameters is

in the pressure of the accumulators for the W plants and the safety injection tanks (SITs) in the

CE plants.  The impact of this difference is shown in the sequence of events given in Table 3.2

where the SIT flow initiation is delayed in the CE plants until the pressure in the cold legs drops

below the SIT pressure.  Taking into account this delay in the SIT delivery, the sequence of

events is very similar for the three NPP types.

Provided with the methodology is a sample problem for a W 4-loop PWR NPP.  A licensing

analysis for a W 3-loop PWR has also been completed and will be submitted on a plant specific

basis.

3.3 Phenomena Identification and Ranking (CSAU Step 3)

A key step in the CSAU process is to identify and rank the important phenomena that must be

addressed in analyzing a LBLOCA.  This step is performed by experts who are knowledgeable

of LBLOCA phenomena and who define the important phases of the LBLOCA scenario and

identify phenomena that could be important during each phase of the transient.  Based on their
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knowledge, the experts then rank the phenomena as to their relative importance during each

phase of the LOCA transient.  The result is a PIRT which ranks the relative importance of the

phenomena for each component and phase of the LOCA.  The PIRT provides the basis for: (1)

determining code applicability (does the code properly model the important phenomena), (2)

establishing the assessment matrix (identifying test data that contain the appropriate

phenomena during each accident phase), and (3) identifying phenomena parameters to be

ranged and quantified for evaluating uncertainties.

A PIRT for a W 4-loop PWR LBLOCA is presented in the Compendium (Reference 2).

Table 3.3 provides an initial PIRT which was developed from the Compendium by averaging the

ranking of the experts and the ranking developed by the analytical hierarchy process (AHP) and

rounding up when necessary.  Each phenomena is given a ranking, where importance is

proportional to the numerical value (e.g., 9 = extreme importance, 1 = least importance).  The

ranking indicates the important phenomena that should be simulated by a realistic LBLOCA

evaluation model.

Using Table 3.3 as the starting point, the following process was followed to generate a final

PIRT for use in the FRA-ANP CSAU process.  The initial PIRT was reviewed by three experts,

who offered recommendations for the addition or deletion of phenomena from the PIRT and

revisions to the ranking of the phenomena.  Following this review, a peer review was held with

the three experts and four additional FRA-ANP personnel to derive a final PIRT that

incorporated the input from all seven participants.  This PIRT is provided in Table 3.4.

To ensure a coherent peer review process, a set of definitions were agreed upon:

1. Blowdown:  The blowdown phase of the LOCA is defined as the time period from initiation of

the break until flow from the accumulators or safety injection tanks begins.  This definition is

somewhat different from the traditional definition of blowdown which continues until the RCS

pressure approaches containment pressure.

2. Refill:  The refill phase of the LOCA begins when the accumulators or flooding tanks begin

injecting and continues until the mixture level in the vessel refills the lower plenum and

begins to flow into the core.
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3. 

4. 

5. 

6. 

Reflood: The reflood phase of the transient begins when the lower plenum fills and ECC 

begins flowing into the bottom of the core and continues until the temperature transient 

throughout the core has been terminated. At this time the LOCA stored energy and decay 

heat are being removed and the LOCA has been reduced to an issue of maintaining long 

term cooling. 

Post-CHF Heat Transfer: Defined according to the transient phase. For blowdown it is the 

high pressure, high mass flux, low vapor superheat film boiling. During refill, it is a 

combination of dispersed flow film boiling and natural convection to single-phase vapor. 

During reflood, it is dispersed flow film boiling. 

Reflood Heat Transfer: Defined only for the reflood phase as convection to single phase 

steam, wall to fluid radiation, film boiling, and transition boiling. Thus, includes effects of 

precursory cooling and quenching. 

Rewet: Defined according to transient phase. For blowdown this is the quenching (either 

bottom-up or top-down) associated with high heat transfer rates near the quench front 

during periods of high liquid flows. For refill and reflood, limit this to top-down quenching 

due to falling liquid films. 

With the above definitions as the basis, the following changes were made to the PlRT for the 

LBLOCA during the peer review process: 

1. [ 1 

I 

I 

1 

1 

1 

1 
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I 

1 

I 
1 

I 

1 

I 

I 

I 

1 

1 

1 

1 

1 

1 

1 

1 

1 
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4. 1 

I 

I 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
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9. 1 

I 
1 

10. [ 

I 

I 

I 

11. [ 

I 

I 

12. [ 

I 

13. [ 

I 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

These results are all shown in the final PlRT given in Table 3.4. This PlRT was used in the 

demonstration of code applicability and as the basis for performing sensitivity studies and 

determining the code assessment matrix. 

3.4 Frozen Code Version Selection (CSAU Step 4) 

The codes selected for use in the realistic LBLOCA methodology include RODEX3A 

(References 6, 7, and 8) and S-RELAP5 (References 5, 9, 10, and 11). RODEX3A is a best 
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estimate fuel rod code which has been approved for use in the performance of realistic LBLOCA 

(RLBLOCA) analyses (Reference 6) .  The S-RELAP5 code is a RELAP5 based thermal 

hydraulic system code for performing LBLOCA analyses. The ICECON code (References 14 

and 15) has been incorporated into the S-RELAP5 code to provide the required containment 

boundary conditions for the LBLOCA analysis. ICECON was developed to predict the long-term 

behavior of PWR nuclear plant containment systems. 

The frozen versions of these codes used in the development of this methodology are defined in 

Table 3.5. The interpretation of the version designation is described below for the S-RELAP5 

code version, UJULOO: 

U signifies that the code is a USE code version which means it has been verified, validated, 

and documented in conformance with FRA-ANP’s quality assurance program. It also 

indicates that the code has been stored in FRA-ANP’s code management system (CMS) 

where it can be read but not modified and is automatically archived. 

0 JULOO is the month and year in which the code version was built and placed in CMS. 

Two USE versions of the S-RELAP5 code were used in the development of this methodology, 

UJULOO and UMAROI. The differences between these two code versions reflect the addition of 

the final set of multiplication parameters for use in the uncertainty analysis in UMAROI and the 

correction of problems found in the verification of the RODEX3A incorporation into S-RELAP5. 

The verification of the RODEX3A incorporation into S-RELAP5 occurred late in the methodology 

development process. During this verification process, several problems were identified and 

corrected. 

In addition, two point releases have been made for the UMAROl use code versions. These 

point releases dealt only with the application of the multipliers used in the uncertainty analysis. 

Consistent with the CSAU definition of a frozen code, these changes do not constitute a code 

change. 

Since a large number of the assessments had already been completed it was decided that only 

those assessments which actually used RODEX3A would be rerun and the software 

development record for UMAROI would document that assessments performed with electrical 

heater rods were unaffected by the changes to the RODEX3A implementation. The 

assessments that used electrical heater rods and had already been completed would not be 

rerun with UMAROI and would continue to rely on the UJULOO analyses. On the other hand the 
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LOFT analyses which used nuclear fuel rods had to be rerun with UMAROI. In addition, all the 

final plant analyses were run with the UMAROI code version. Thus, while two code versions of 

S-RELAP5 have been used in the methodology development, it has been demonstrated that no 

change in results would occur if everything was rerun with the final UMAROI code version. 

3.4.1 RODEX3A 

Key to a realistic LBLOCA analysis is the model used for calculating fuel rod performance. In 

particular the initial operating temperature of the fuel pellets (stored energy) and the internal fuel 

rod gas pressure are significant parameters that affect the calculated peak cladding temperature 

(PCT). These parameters are functions of fuel exposure and power history. 

FRA-ANP developed the realistic fuel rod mechanical response model RODEX3A, which 

provides exposure dependent initial fuel conditions for the realistic LOCA evaluation model. 

Further, to assure compatibility and consistency between the RODEX3A initial fuel conditions 

and the initial and transient conditions calculated by S-RELAP5, the appropriate fuel models 

from RODEX3A were incorporated into S-RELAP5. 

The model features included in RODEX3A are: 

A coolant subchannel model to compute the coolant state and cladding surface 
tem perat ure. 

A model to compute the radial temperature distribution in a fuel rod and adjust the porosity 
contribution to the fuel thermal conductivity. 

A model to compute gap conductance. 

A model to compute internal rod pressure. 

Models to compute grain size, and fission gas release and redistribution in the fuel 
microstructure. 

A model to compute pellet-cladding interaction forces. 

Models to compute cladding creep and growth. 

Models to compute cladding oxidation and hydriding. 

A model to calculate elastic response of the cladding. 

A fuel "segment mechanics" model to compute fuel pellet creep, dish filling, cracking, 
deformations, and mechanical response. 

Models to compute pellet densification, swelling, and hot pressing. 

A pellet flexibility model. 

Material properties models. 
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0 

0 

A model to compute the radial dependence of the heat generation. 

Models to calculate the axially dependent exposure and fluence distribution. 

To perform a LOCA analysis with the FRA-ANP RLBLOCA evaluation model, RODEX3A 

calculations are first performed to calculate initial condition inputs for all fuel rods modeled in 

S-RELAP5. Inputs to RODEX3A describe: 

0 

0 

0 

0 

0 

0 

The cladding geometry, composition and creep coefficients. 

The pellet geometry, composition, density, grain size and open porosity. 

The axial and radial nodalization of the fuel rod. 

The fuel plenum volume(s) and plenum spring(s). 

The initial fuel rod pressure and gas composition. 

The S-RELAP5 axial nodalizations and geometry indices. 

The time dependent power, coolant pressure, and coolant inlet temperature histories. 

For each burnup of interest, an electronic transfer of RODEX3A data to S-RELAP5 is made. 

This transfer includes information needed to describe the exposed state of the fuel and 

accelerates the convergence of the S-RELAP5 steady state solution. It also ensures that the 

RODEX3A and S-RELAP5 fuel geometries are identical. The RODEX3A data describe the fuel 

state at the reference fuel temperature (usually 70 F) and zero power. A steady state 

S-RELAP5 calculation is required to initialize the S-RELAP5 calculation at the power of interest. 

The data transferred from RODEX3A to S-RELAP5 include: 

The date and time when the RODEX3A calculation was performed to provide traceability. 

The gas constant, the moles of gas in the fuel rod, the initial internal fuel rod pressure, and 
the gas coefficients (which are dependent upon the gas composition) which are used to 
calculate the rod internal pressure and the gap thermal conductivity and viscosity. 

The S-RELAP5 geometry index, the RODEX3A pellet, and cladding node radii. The 
S-RELAP5 and RODEX3A radial nodalizations must to be identical. 

The fuel rod plenum lengths and initial temperature(s), and the plenum spring constant(s) 
which are used to compute the fuel rod plenum gas temperature(s) and the internal fuel rod 
pressure. 

The fluence, and the cladding flexibility and yield stress coefficients which are used to 
compute pellet-cladding contact pressures and changes in the gap width resulting from the 
"trapped stack" effect. 

The cladding axialhadial elastic deflection coefficients which are used to compute the 
elastic deformations in the cladding. 
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The axial strain distribution resulting from irradiation induced cladding creep and growth 
which are used to compute the fuel plenum volume and rod internal pressure. 

The pellet composition, the pellet dish volumes, the axialhadial burnup distribution, the 
axialhadial porosity distribution, and oxygen to fuel ratios. The porosity distribution 
depends upon the initial pellet density and the amount of pellet densification and swelling 
with exposure. These data are used to compute pellet thermal properties and the internal 
rod pressure. 

The exposure dependent radial displacements due to fuel migration, pellet creep, pellet 
densification, pellet swelling and clad creep which are used to compute the gap dimension, 
gap thermal properties, gap volume, and rod internal pressure. 

The axialhadial distribution of power (i.e., the flux depression profile) which are used to 
compute the power distribution in the fuel rod and hence the temperature distribution. 

The initial clad oxide layer thickness which are used to compute cladding temperatures and 
the amount of energy deposited in the cladding due to the reaction of zirconium with steam 
(i.e., oxygen). 

The axialhadial temperature distribution, the fuekladding slip ratio, and the axial force 
distribution which are used to help speed the convergence of the S-RELAP5 steady state 
calculation. These values change with time. 

RODEX3 (Reference 6) has been approved for use in providing input to the RLBLOCA analysis 

under certain conditions. These conditions have been addressed in the methodology and are 

discussed in Section 4.3. Following the approval of RODEX3, the code was modified to provide 

the required input to the S-RELAP5 code. At that time the code was renamed to RODEX3A 

(References 7 and 8). The RODEX3A code provides equivalent results on all benchmarks used 

for the approved RODEX3 code. 

3.4.2 S-RELAP5 

S-RELAP5 is an FRA-ANP-modified version of RELAPWMOD2 (Reference 18) which 

incorporates the computer portability aspects of RELAP51MOD3 (Reference 19) and 

modifications to the constitutive package to provide congruency with literature correlations and 

to improve the simulation of key large break LOCA experiments. The field equations are 

basically in the same form as RELAPUMOD2 with the addition of full two-dimensional 

momentum equations. This two-dimensional capability is only applied to the downcomer, core 

and upper plenum regions in the RLBLOCA methodology, but can be applied anywhere in the 

reactor system through input. The S-RELAP5 code structure was modified to be essentially the 

same as RELAPYMOD3. The coding for reactor kinetics, control systems, and trip systems 

was also replaced by that from RELAP5/MOD3. 
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The following list summarizes the major modifications and improvements incorporated into 

S-RELAP5 relative to RELAPYMOD2: 

Multi-dimensional Capability. Full two-dimensional treatment was added to the 
hydrodynamic field equations. 

Energy Equations. The energy equations were modified to better conserve energies 
transported into and out of a control volume. 

Numerical Solution of Hydrodynamic Field Equations. The reduction of the 
hydrodynamic finite-difference equations to a pressure equation is obtained analytically in 

State of Steam-Noncondensible Mixture. The state relations were modified to correctly 
simulate the accumulator depressurization and to prevent code failures during the period of 
accumulator ECC water injection. 

Hydrodynamic Constitutive Models. Significant modifications and enhancements were 
made to the interphase friction and interphase mass transfer models. 

Choked Flow. The computation of the equation of state at the choked plane was modified. 

Counter-Current Flow Limiting. A Bankoff form correlation was implemented, which can 
be reduced to either a Wallis type or Kutateladze type CCFL correlation. 

Component Models. A revised two-phase pump degradation model based on EPRl data 
was implemented. 

Fuel Model. Initial fuel conditions are supplied by the realistic fuel performance code, 
RODEX3A. To be consistent, the fuel deformation and conductivity models from 
RODEX3A were included in S-RELAP5. 

Containment Back Pressure. Capability to interface with a concurrent calculation of 
containment back pressure using the ICECON code was added. 

S-RELAPS. 

FRA-ANP performed sensitivity calculations to evaluate the effects of containment back 

pressure. The results showed that the RLBLOCA model significantly reduces the sensitivity of 

calculated PCT to containment back pressure, relative to the current Appendix K based ECCS 

evaluation models, but does not eliminate these effects. A conservatively low (atmospheric) 

containment back pressure yields an increased PCT. However, varying time dependent 

containment pressures within a band of a few psi gave little difference in calculated PCTs. 

Thus, based on these results, FRA-ANP concluded that a containment back pressure 

calculation which provides a reasonable approximation for the time dependent back pressure is 

desirable for a RLBLOCA evaluation model. 

The conversion from RELAP51MOD2 includes the capability to interface external calculations 

with S-RELAP5. With this interface, a containment pressure calculation using a different code 

can be run concurrently with S-RELAP5. Break flows and enthalpies are transferred to the 
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containment code, which continuously feeds back calculated pressure and temperature through 

S-RELAP5 time dependent volumes. The choice for the containment code to use with the 

RLBLOCA evaluation model is ICECON (References 14 and 15), which is based on 

CONTEMPT LT-022 (Reference 20). ICECON was originally approved for calculating a 

conservative containment back pressure under Appendix K rules, but it can be used with 

realistic input and, with only minor modifications, to give an approximate realistic back pressure 

calculation. [ 

1 

3.4.3 New Product Support 

While it is understood that model enhancements and code improvements are specifically 

forbidden after a code has been declared frozen, updates supporting the treatment of 

uncertainty are allowed under the CSAU framework. Circumstances that could lead to code 

changes include: 

0 Minor plant design changes (which could introduce other uncertainty parameters) 

0 New fuel rod or assembly design (such as a new cladding alloy) 

0 Expanded thermal-hydraulic database 

0 Uncertainty analysis refinement (e.g., alternative probability distribution function) or error 

correction 

Because of these possibilities, FRA-ANP distinguishes "Code Development" and "Code 

Maintenance" as distinct activities. Code development encompasses all the activities required 

to define a "frozen code" version prescribed by the CSAU methodology. This process includes 

model development, code implementation, developmental assessment, documentation, etc. 

Code maintenance includes incremental code updates or "point releases" where it is 

demonstrated that the change has not invalidated the fully qualified software baseline. The 

qualification of production use codes requires extensive validation through a suite of test cases. 

Simply stated, any code update that prevents the reproduction of test suite results supporting 

the baseline or "frozen" code version requires that a full code qualification be performed. 
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As a nuclear fuel vendor, FRA-ANP continually develops new fuel rod and fuel assembly 

designs. To support these new designs, upgrades to LOCA methodologies need to be made. 

Currently, FRA-ANP uses the approved fuel performance code RODEX3A, which supports fuel 

currently being supplied to customers who own Westinghouse and Combustion Engineering 

PWRs. As new designs are developed, new models and often new computer codes are 

developed to model the fuel performance. Even though new or modified fuel performance 

codes are developed and approved', the fuel performance code changes will not invalidate the 

qualification of a "frozen" code. These changes will expand the application of the methodology. 

Expansion of the FRA-ANP methodology, which require code updates that do not require 

requalification of the methodology, will be reported through supplemental documentation or 

document revision. This documentation will include a statement of application, models and 

correlations, developmental assessment, a programmer's guide supplement, and user's manual 

and guidelines. 

3.5 Code Documentation (CSAU Step 5) 

The documentation for the codes used in the development of this methodology is provided in 

References 6, 7 and 8 for the RODEX3A code, in References 5, 9, 10, and 11 for the 

S-RELAP5 code, and References 14 and 15 for the ICECON code. This documentation 

describes the models and correlations used in the codes, defines the code inputs, and provides 

a description of the code structure. These documents have been verified against the actual 

coding to ensure that the documentation and coding are consistent (Reference 5). 

The code validation is provided in Reference 5, which compares the code predictions to 

measured data in a number of SET facilities and IET facilities. In addition, the guidelines that 

will govern the application of the realistic LBLOCA is provided in References 12 and 13. 

Reference 12 describes how to develop the S-RELAP5 input for the NPP model and 

Reference 13 describes how to perform the actual analysis. 

For LOCA analyses, this fuel performance information, including fuel and clad material properties, 
fuel deformation related to burnup, and gap thermal properties, are used as parameters in estimating 
initial stored energy. 
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3.6 Determination of Code Applicability (CSAU Step 6) 

The objective of the determination and code applicability element of CSAU is to demonstrate 

that the selected codes are capable of modeling the chosen event for all NPP types. This is 

accomplished by comparing the event and important phenomena identified in the PlRT with the 

models and correlations documents for the selected codes. Four attributes are needed to make 

this comparison: 

Field equations that address global processes. 

Closure (constitutive) equations which support the conservation equations by modeling 
specific phenomena or processes. 

0 Code numerics that demonstrate that the code can efficiently and reliably perform the 
required calculations. 

Structure and nodalization, which address the ability of the code to model the NPP 
geometry and components and to provide an accurate prediction of the NPP response. 

These four attributes are discussed in the following sections. 

3.6.1 Field Equations 

The field equations (conservation of mass, momentum, and energy) must possess the capability 

of simulating each of the distinct phases (blowdown, refill, and reflood) of a LBLOCA. During 

the refill and reflood phases, counter-current flow occurs at various locations in the RCS, and 

subcooled liquid coexists with superheated steam in parts of the reactor core. Therefore, for 

realistic analyses the field equations should be non-homogeneous (unequal velocity for each 

phase) and non-equilibrium (unequal temperature for each phase). The presence of nitrogen in 

the accumulator requires an additional field equation to model and track the movement of a 

no n co n d e n s i bl e gas. 

The S-RELAP5 field equations evaluation against their ability to model all important PlRT 

phenomena (Table 3.4). The results of this evaluation are summarized in Table 3.6. Additional 

requirements shown in the table are multi-dimensionality, separation due to gravity, and 

interphase exchange terms. As indicated in Table 3.6, the S-RELAP5 code has the required 

field equations to address the important LBLOCA phenomena. 
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3.6.2 Closure Equations 

Closure equations (constitutive models and correlations) are required to support the basic field 

equations. These closure equations are essential for modeling the processes and phenomena 

given in the PlRT (Table 3.4). The S-RELAP5 constitutive models and correlations are 

presented in Reference 9. The verification and validation of the code models and correlations 

are given in Reference 5. The two documents together demonstrate that the S-RELAP5 code 

adequately simulates LBLOCA events with a high level of confidence. 

The capability of the S-RELAP5 code closure equations to meet the requirements of the PlRT 

(Table 3.4) is summarized in Table 3.7. The closure equations address wall friction, interphase 

friction, mass transfer (interphase heat transfer), wall-to-fluid heat transfer, form-losses, and 

similar functions. The various models require flow regime maps, boiling curves, state 

relationships, and fluid and material properties for completeness. As indicated in Table 3.7, the 

S-RELAP5 code has the required closure equations to address the important LBLOCA 

phenomena. 

3.6.3 Code Numerics 

The numerical solutions contained in S-RELAP5 has been extensively demonstrated in 

numerous assessments reported in the literature. These numerics have been improved in 

S-RELAP5 as described in Section 3.4.2 and in Reference 9. The adequacy of the S-RELAP5 

specific numerics has been demonstrated in the performance of the assessments reported in 

Reference 5 and summarized in Section 4.3. In addition, the adequacy of the numerics has 

also been demonstrated in the performance of the many sensitivity analyses reported in 

Section 4.1 and by the time step sensitivity analysis reported in Appendix C. 

3.6.4 Structure and Nodalization 

To properly model a NPP, a code must be able to adequately model the important components 

and control systems of the NPP with respect to the chosen accident scenario. The S-RELAPS 

code has the ability, as indicated in Table 3.8, to model all the major components and 

associated control systems of the plant. The modeling of each of the NPP components is 

discussed in detail in Reference 12 and summarized in Section 4.2. Section 4.2 also describes 

the studies that were performed to determine the final plant nodalization. 

Frarnatorne ANP Richland, Inc. 



EMF-2 1 03( NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page 3-20 

I 
Power, MWt ~ 2700 

Table 3.1 Approximate Values of Key Large Break LOCA Plant 
Analysis Parameters 

1 
I 

3400 ~ 2700 

Primary Coolant Volume, ft3 

Core Inlet Temperature, F 

RCS Flow Rate, gpm 

I 
9400 ~ 12,000 ~ 11,000 

I 

545 545 , 550 

~ 275,000 

1120 

1 290,000 ~ 350,000 

I 
120 1120 

Reactor Vessel Volume, ft3 

I 

Containment Volume, ft3 I2,300,000 , 

~ 3600 

I 

2,600,000 ~ 2,500,000 

14950 14500 

Pressurizer Pressure, psia 

Pressurizer Liquid Volume, ft3 
~ 

I 

~ 2250 

1 750 
t 
, 

~ 2250 
~~ 

I1100 

Accumulators/ SIT Water Volume, ft3 

Accumulators/ SIT Water Temperature, F 

Accumulators/ SIT Pressure, psia 1 640 
~ 

I 630 1 230 
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Broken Loop Accumulator/ SIT Flow Initiated I 1  to3  
! 

Table 3.2 Appendix K Large Break LOCA Approximate Sequence of 
Events Timing 

1 ~~ 

2 to 7 ~ 9 t o 1 0  
I 

Event ~ !&!3-lOOp, 1 w4-loop, CE 2x4, 
sec ~ sec ~ sec 1 

I 0.00 j 0.00 ~ 0.00 Analysis Initiated , 

Intact Accumulator/ SIT Empties 

Break Opened 

I 

32 to 46 45 to 55 ~ 50 to 65 

i 0.05 I 0.05 ~ 0.05 

Safety Injection Signal i 0.7 to 1.4 I 0.6 to 1.0 0.7 to 1.0 

Broken Loop Accumulator/ SIT Empties 

PCT Occurred 
I 

~ 80to135 ~ 70to235 ~ 135to155 
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Table 3.3 Preliminary Process Identification and Ranking Table 
(PIRT) for PWR Large Break Loss-of-Coolant Accident 

Component Phenomenon ~ Avg. Ranking 

~ BD I RFL I RFD 

Fuel Rod Stored energy 1 9  2 1  2 

Gap conductance 1 3 1  1 7 

I 
' 1 ' 8  Oxidation I -  

Decay heat ~2 1 1 8  
i 

Core 

Upper Plenum 

DNB 

Post CHF 

Rewet 

Reflood HT plus quench 

Nucleate Boiling 

One-phase vapor natural convection 

3-D flow 

Void distribution, generation 

Entrain ment/de-ent rain ment 

Flow reversal, stagnation 

Ent rai nmentlde-entrai n ment 

Phase separation 

Countercurrent flow (draidfallback) 

Two-phase convection 1 2  

2 

4 

2 

1 

Hot Leg Entrainment/de-entrainment 

Flow reversal, stagnation 

Void distribution, generation 

Two-phase convection 

Pressurizer Early quench 

Critical flow in surge line 

Flashing, steam expansion 

~~ 

7 

7 

7 2 

9 

4 

3 

2 

Steam Generator Steam binding 1 -  1 2  I 9 

Delta-p, form losses 1 2 1  2 1  2 
I 
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Table 3.3 Preliminary Process Identification and Ranking Table (PIRT) for PWR 
Large Break Loss-of-Coolant Accident (Continued) 

Component Phenomenon Avg. Ranking - 

RFL BD 

9 

3 

- RFD 

Two-phase 

Differential pressure form loss 

5 

3 8 

Pump 

Cold Leg, Accumulator Condensation, oscillations 

Noncondensible gas 

HPI mixing 

2 9 

1 

3 

5 

9 

2 

Downcomer Entrainmenude-entrainment 

Condensation 

Hot wall 

3-D 

Countercurrent, slug, non-equilibrium flow 

Flashing 

Liquid level oscillations 

Two-phase convection 

Saturated nucleate boiling 

Sweep-out 

Hot wall 

Multi-dimensional effects 

Critical flow 

Flashing 

Containment pressure 

~~~~ ~ 

Lower Plenum 

Break 9 

3 
2 

7 
~ 

7 

Loop Two-phase differential pressure 

Oscillations 

Flow split 

Notes 

1. 
2. 
3. 

BD is blowdown; RFL is refill; RFD is reflood 
A ranking of 9 is most important; a ranking of 1 is least important 
A ranking of "-" means that the phenomenon does not occur in the indicated phase of the 
transient 
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Table 3.4 Final Process Identification and Ranking Table (PIRT) 
for PWR Large Break Loss-of-Coolant Accident r 
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Table 3.4 Final Process Identification and Ranking Table (PIRT) 
for PWR Large Break Loss-of-Coolant Accident (Continued) 
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Table 3.5  Frozen Code Versions Used in the Methodology
Development

Code Version Function

S-RELAP5 UJUL00

UMAR01

Predict fuel, core, and system performance
during transient event including containment
response

RODEX3A UJUN00 Predict fuel performance during steady state
and transient operation
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Table 3.6 Field EquationslModels in S-RELAP5 

Scenario and PlRT 
Requirements 

S-RELAP5 Model 
Existence 

Non-equilibrium two-phase 
flow 

Yes 

Non-condensable gas flow 1 Yes 

Solute tracking for boron 1 Yes 

Multidimensional flow 1 Yes 
capability 

Separation due to gravity Yes 

lnterphase exchange terms Yes 

Field Equations/Model 

Six equation unequal velocity, unequal 
temperature 

Gas mass balance in vapor flow field 

Solute mass balance liquid flow field 

2-D components available as required 

Gravity pressure differential in flow field 
equations 

Mass and energy transfer between 
phases, vaporization and condensation 
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Table 3.7 PhenomenalProcesses in S-RELAP5 
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Table 3.7 PhenomenalProcesses in S-RELAP5 (Continued) I 
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Table 3.7 PhenomenalProcesses in S-RELAP5 (Continued) 
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Table 3.8 Component Modeling Requirements for PWR 

Required Component 

Pressure Vessel 

Hot Leg 

Steam Generator 

Pumps 

Cold Leg 

Pressurizer 

Surge Line 

Component 
Model 

Existence 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Code Component 

l - D  and 2-D components: model upper head, upper 
plenum, core, lower plenum, downcomer, structure, flow 
paths, elevations, resistances, volumes 

Heat structures: model vessel walls, internal structures, 
fuel rods 

Pipes, volumes, and junctions: model flow areas, 
lengths, volumes, resistances, elevations 

Heat structures: model pipe walls 

Separators, pipes, volumes and junctions: model flow 
areas, volumes, lengths, resistances, elevations, flow 
paths, phase separation, recirculation, feedwater, steam 
flow 

Heat structures: model generator walls, heat exchange 
between the primary and secondary system. 

Pump: models homologous curves, degradation, flow 
areas, volumes, losses, suction and discharge flow 

Pipes, volumes, and junctions: model flow areas, 
volumes, lengths, resistances, elevations, branches 

Heat structures: model pipe walls 

Pipe: models volumes, flow areas, phase separation, 
lengths , resistances, elevations 

Heat structures: model vessel walls and heater 

Pipe and junctions: models volumes, flow areas, 
lengths, resistances, elevations, choked flow 

Heat structures: model pipe walls 
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Table 3.8 Component Modeling Requirements for PWR (Continued) 

Required Com ponen t 

Accumulators 

ECC Systems 

Valves 

Pressure Boundary 

Component 
Model 

Existence 

Yes 

Yes 

Yes 

Yes 

Code Component 

Pipes and junctions: model volumes, flow areas, 
lengths, elevations, nitrogen, discharge of ECC water 
and noncondensible gas 

Heat structures: model accumulator walls 

Pipes, volumes, and junctions: model flow rates, 
pressure dependence, volumes, flow areas, lengths, 
resistances, elevations 

Heat structures: model pipe walls 

Valve: models areas, control 

ICECON and junctions: model pressure boundary, 
break flow, containment volume 
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4.0 Assessment and Ranging of Parameters 

The assessment and ranging of parameters element establishes the assessment matrix to be 

used in defining the NPP nodalization, quantifying the code accuracy, and demonstrating any 

code or model scaling effects. 

4.1 Establishment of Assessment Matrix (CSAU Step 7) 

The following four considerations must be taken into account in establishing the assessment 

matrix. The first consideration is the important phenomena identified in the PlRT process 

described in Section 3.3 (CSAU step 3) and presented in Table 3.4. The assessment matrix 

must include experiments that address the important phenomena, defined as those phenomena 

ranked 5 or higher in Table 3.4. The selected experiments must have taken sufficient data to 

determine the code accuracy, including bias and uncertainty, for the important phenomena. 

The second consideration is that of NPP nodalization. Here experiments must be selected that 

are representative of the types of NPPs being addressed and cover the identified phases of the 

selected scenario. Thus, for this application, experiments must be selected that are 

representative o f 3  3 and 4-loop plants and CE 2x4 plants. The experiments also should cover 

one or all of the LBLOCA phases identified in Section 3.1 (CSAU step 1); blowdown, refill, and 

reflood. 

The third consideration is to demonstrate that the code and NPP nodalization have the ability to 

scale from experiments of different sizes to the full size NPP for which analyses will be 

performed. Generally this is done by selecting a number of assessments in facilities of different 

scale and demonstrating that the code and NPP nodalization is capable of consistently 

predicting the experimental data from all the experiments. 

The final consideration is with respect to compensating errors in the code. Because it is 

extremely difficult, if not impossible, to demonstrate that a code does not contain compensating 

errors, it should be demonstrated that the compensating errors will not produce erroneous 

results for the selected scenario and NPP being analyzed. Thus, an attempt must be made to 

select experiments that cover the range of each important phenomenon observed in the NPP 

analyses. Analysis of these experiments will demonstrate that, even if the code contains 

compensating errors, the code as currently configured still is capable of reliably predicting the 

selected scenario in the selected NPP. 
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4.1.1 PlRT Considerations 

The PlRT presented in Table 3.4 provides a qualitative expression of what is perceived to be 

the degree of importance of key phenomena present in a LBLOCA. Given the limitations of 

resources (time, human, and computational) and the incompleteness of the LBLOCA database, 

not all of the moderately too highly ranked phenomena can be treated as uncertainty 

parameters. Nonetheless, all these phenomena must be accounted for either statistically or in a 

bounding application. A bounding application has a major drawback in that the methodology is 

penalized for not applying a rigorous model. Minimizing this penalty clearly is valuable in 

making the methodology viable for broad application. Conversely, to treat a parameter 

statistically, test data must be available so the statistics can be quantified. Clearly, such tests 

must be included in the assessment matrix. 

To optimize the choice of which parameters to treat statistically and which parameters to bound, 

a large set of PlRT and plant sensitivities studies (-72 calculations/set) was performed to 

quantify the importance of each moderately to highly ranked phenomenon along with key plant 

operational parameters. The first column of Table 4.1 lists the moderate and high ranked PIRT 

phenomena cross referenced to a description of one or more calculations performed in the 

sensitivity studies. These studies were performed with the 3- and 4-loop sample problems. 

(Note: Appendix A contains an overview of all documented plant sensitivity studies performed 

during the development of this methodology.) 

While the chronology of the 3- and 4-loop base cases is well described in Table 3.2, some 

aspects of the LBLOCA model were modified to improve the usefulness of the results (additional 

discussion on base cases is given in Appendix A, Section A.2). The primary changes in the 

baseline 3- and 4-loop LBLOCA analyses used in the PIRT sensitivity studies were designed to 

accentuate PCT sensitivity. This was done by skewing the power profile towards the top of the 

core and raising core and decay power in such a manner that predicted PCTs approached 

regulatory limits (2000 F - 2200 F). These modifications enhance the late reflood PCT in such 

a way that both the 3- and 4-loop models show both an early and late reflood peak. Preceding 

these sensitivities, a break spectrum was performed to identify the worst break size. This was 

also used to bias the sensitivity studies. Fuel metal-water reaction and nitrogen transport from 

the accumulators were removed from the model. These two phenomena have been shown to 

contribute nonlinear PCT sensitivities that might disguise the sensitivity of the studied 
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parameters. Figure 4.1 shows the PCT signatures from the 3- and 4-loop sample problems. 

The integrity of the baseline calculations is built on the rigorous approach to nodalization, which 

emphasized demonstration of the moderately and highly rank PIRT phenomena as presented in 

Section 3.3. 

In addition to the two baseline studies, two more sets of sensitivities were performed for the 

3-lOOp sample problem at nominal power conditions. The difference between these two sets 

was whether accumulator nitrogen was allowed into the RCS or valved out. These studies were 

done to ensure that dominant phenomena, whose influence may diminish at higher 

temperatures, were considered in this methodology. 

For the parameters used in performing the PlRT sensitivities (column 2, Table 4.1), best 

estimate or conservative parameter range limits were identified. These range limits were 

derived from expert experience, literature review, or physical bounds. Each sensitivity 

calculation perturbed the baseline model by modifying the key parameters that drove a 

particular phenomenon to a range limit. The changes in PCT (APCT) during blowdown, early 

reflood, and late reflood from the baseline calculation were recorded for each study. 

Interpretation of the results of over 250 calculations involved the tabulation and ranking by the 

magnitude of the APCTs. The degree of sensitivity on PCT for a particular study was classified 

as either low, medium, or high. The high classification is based on the regulatory definition of 

"significant change" (i.e., > 50 F). [ 

] (Appendix C presents a confirmation study examining 

code variability from a set of 14 time-step sensitivities.) 

The bulk of the sensitivity studies confirmed the important PIRT phenomena; however, a few 

parameters did show only weak sensitivity. Column 3 of Table 4.1 presents the conclusions 

from these results. For most of the PlRT phenomena, assessment against test program results 

is indicated. In some cases published uncertainty is available. Phenomena not demonstrating 

significant LBLOCA PCT sensitivity also are identified in column 3 of Table 4.1. For those PlRT 

phenomena demonstrating significant LBLOCA PCT, a database is identified, based on test 
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facility and or plant data, for validating a specific model or quantifying the phenomenon 

uncertainty. 

4.1.2 Nodalization Considerations 

Given the extensive experimental facility database developed from the PlRT considerations, 

only one additional test facility was identified strictly to address nodalization effects. That test 

facility was the Slab Core Test Facility (SCTF), where specific assessments were performed to 

address radial nodalization with variations in radial power distributions. However, in the 

selection of the specific tests to be analyzed in each facility, nodalization was a consideration. 

4.1.3 Scaling Considerations 

Within the test facility database developed to support the PlRT considerations are facilities that 

span a scaling range of 1:1500 to 1:l. In addition, some specific tests were performed as a 

counterpart to tests performed in other facilities. Where data were available, these tests have 

been added to the assessment matrix. 

4.1.4 Compensating Errors 

The issue of compensating errors arises primarily from the use of correlations and closure 

relations in the code. The interaction of the various correlations and closure relations can be 

such that an error in one of these models is compensated for by an error in another model. 

These compensating errors can result in the code being able to predict specific tests but 

incapable of predicting other tests. For the LBLOCA, only those compensating errors which 

could function in one manner in the assessments and in an entirely different manner in the 

LBLOCA are a concern. Thus, the assessment matrix must include tests that can be scaled up 

and that cover the range of the LBLOCA PlRT phenomena. The compensating error issue is 

addressed in the test matrix through the FLECHT, FLECHT-SEASET, SCTF, CCTF, and THTF 

for the core phenomena and UPTF for most of the other major reactor coolant system 

components. 

4.1.5 Summary 

Given these four considerations, the assessment matrix described in Table 4.2 and Table 4.3 

was developed. Table 4.2 lists the test facilities and makes the association between the 
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selected facilities and the identified parameter groups. The actual tests analyzed from each test 

facility are provided in Table 4.3, along with the associated phenomena being examined. 

4.2 Nuclear Power Plant Nodalization Definition (CSAU Step 8) 

Reference 4 ("Quantifying Reactor Safety Margins") makes the following statements regarding 

noda I ization : 

"The plant model must be nodalized finely enough to represent both the important phenomena 
and design characteristics of the NPP but coarsely enough to remain economical. " 

"Thus, the preferred path is to establish a standard NPP nodalization for the subsequent 
analysis. This minimizes or removes nodalization, and the freedom to manipulate noding, as a 
contributor to uncertainty. " 

"Therefore, a nodalizafion selection procedure defines the minimum noding needed to capture 
the important phenomena. This procedure starts with analyst experience in previous code 
assessment and application studies and any documenfed nodalization studies. Next, 
nodalization studies are performed during the simulation of separate- and integral-effects code 
data comparisons. Finally, an iterative process using the NPP model is employed to determine 
sufficiency of the NPP model nodalization. " 

Given these general recommendations, the goal of a nodalization methodology is to optimize 

somewhat independent priorities. These include preserving dominant phenomena, minimizing 

code uncertainty, conforming to design characteristics, and minimizing computational expense. 

The guidelines developed for the FRA-ANP RLBLOCA methodology (Reference 12, EMF-2054) 

are quantitatively explicit wherever possible to remove nodalization as a contributor to 

uncertainty. Because not all plants of the same type are identical, the guidelines provide rules 

for deriving the appropriate nodalization. This strategy serves both to remove nodalization as a 

contributor to uncertainty and to define a method for automating the generation of input for a 

RLBLOCA analysis. 

As described by Step 8 of the CSAU process, "NPP Nodalization Definition," this task is 

iterative. To minimize the degree of iteration, the baseline nodalization definition originated from 

user experience with earlier manifestations of S-RELAP5 (i.e., for SBLOCA Reference 21 ), and 

RELAP5 (References 22 and 23). The current nodalization has been refined using results from 

sensitivity studies performed with the current frozen S-RELAP5 code version and its 

predecessors. Because the nodalization requirements are strictly applied, uncertainty 

associated with nodalization becomes part of the studies to determine the statistics of key 

uncertainty parameters. If the results of one or more assessments brought into question the 
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validity of a particular nodalization, additional studies were performed. For RLBLOCA 

applications, these guidelines have been developed and refined by sensitivity studies (Appendix 

A) and/or assessments or they have been constrained to a best fit for a complex structural 

configuration. Table 4.4 summarizes the guidelines for hydraulic nodalization based on this 

approach. 

The derived input prescription defines the standardized nodalization scheme, specifies a logical 

numbering system, and recommends key parameter inputs for the S-RELAP5 input model. 

Details of noding have been determined from experience with simulation of integral- and 

separate-effects tests (Reference 5) that result in a technically and economically sound 

nodalization scheme for simulating LBLOCA in a PWR. Assessment calculations of the 

FLECHTEEASET reflood experiments provided data for the axial nodalization of the core 

region. Studies of the Cylindrical Core Test Facility (CCTF) and SCTF were used to identify 

two-dimensional modeling techniques for the downcomer and core. Analyses of the LOFT and 

Semiscale experiments gave information on describing the primary coolant loops, reactor 

coolant pumps, reactor vessel, and steam generators with S-RELAP5. Assessments of Upper 

Plenum Test Facility (UPTF) tests also were used to identify two-dimensional modeling 

techniques and provide useful plant information, including experimental data on full-scale 

downcomer fluid behavior during the blowdown, refill, and reflood phases of a LBLOCA. 

Column 1 of Table 4.4 defines a particular NPP component or coolant system region and the 

S-RELAP5 components generally used for its simulation. Column 2 lists the important 

phenomena associated with the component as evaluated through the PlRT process 

(Section 3.3). Column 3 defines the number of cells required, based on user experience and 

assessment calculations, to provide adequate detail. The source or bases for the selections are 

given in Column 4. 

4.2.1 Nodalization Methodology 

The necessary conditions for a satisfactory nodalization methodology are to discriminate key 

structural characteristics, to obtain reasonable steady-state agreement with plant data, to 

preserve first order accuracy of dominant phenomena, and to minimize PCT sensitivity to 

nodalization. The ability of the code and associated nodalization to describe key structural 

components is addressed in Section 3.6.4, where it is demonstrated that the code is capable of 

modeling the key components. Obtaining reasonable steady-state results is implicitly aided by 
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adhering to strict conformance to structural design characteristics (e.g., elevations and 

volumes). Obtaining reasonable results also is aided by the use of system-initialization control 

systems. 

The most challenging of the necessary conditions is the task to preserve dominant phenomena. 

A computer code's ability to capture LBLOCA phenomena cannot separate the contributions of 

the applicable phenomenological models and nodalization. While it was stated that strict 

adherence to nodalization transfers the burden of code uncertainty to the uncertainty analysis of 

key LBLOCA parameters, every effort was made to provide a nodalization scheme that 

minimizes this nodal izat ion uncertainty . 

Experience indicates that S-RELAP5 plant models of !&/ 3- and 4-loop PWRs and CE 2x4 loop 

PWRs will require between 200 and 500 volume component nodes, junction flow paths, and 

heat structures. The following figures show the modeling techniques. 

Figure 4.3, Loop Nodalization 

Figure 4.4, Reactor Vessel Nodalization 

Figure 4.5, CE 2x4 and Westinghouse 3- and 4-LOOp Plant Vessel Downcomer 

Figure 4.6, Core Nodalization - Axial Plane 

Figure 4.7, Core Nodalization - Cross-Sectional Plane 

Figure 4.8, Upper Plenum Nodalization - Axial Plane 

Figure 4.9, Upper Plenum Nodalization - Cross-Sectional Plane 

Figure 4.1 0, Emergency Core Cooling System Nodalization 

Figure 4.1 1, Double-Ended Guillotine Break Nodalization 

Figure 4.1 2. Double-Ended Split Break Nodalization 

Configuration 

The following sections discuss the nodalization of each major plant component in the context of 

the PlRT (as presented in Section 3.3) and describes the evolution of the nodalization schemes. 

The nodalization methodology has been derived for LBLOCA. The application of the developed 

guidelines may not capture expected phenomena or may exhibit unacceptable variability for 

calculations other than LBLOCA. 
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4.2.2 Numerical Considerations 

The nodalization of a particular model translates into a computational array used to solve the 

mass, momentum, and energy equations; thus, numerical constraints also must be considered 

in the sizing and configuration of component volumes. In general, competing criteria exist for 

defining nodalization. The primary numerical issues of concern are accuracy, numerical 

stability, and code variability. While optimizing all three is necessary to have useable results, 

some code variability can be tolerated as long as it is reasonably defined (Appendix C). 

However, numerical stability must be assured before performing any production calculations to 

assess accuracy through code/data comparisons. 

In general, the RELAP5 series of codes has inherited a solid foundation with regard to 

numerical stability, as discussed in Reference 9. However, nodalization and time step decisions 

both can influence numerical stability. It is generally understood that numerical solutions are 

well behaved if the number of mesh points is sufficiently small. Such small nodes will require 

equally small time steps to satisfy the Courant stability requirement, leading to long 

uneconomical code execution times. Conversely, it has been shown that modeling interfacial 

drag contributes to the stability of coarser mesh models for two-phase flow codes, such as 

RELAP5 (Reference 24). While this stabilizing condition created by modeling interfacial drag 

actually works to destabilize the solution for very small mesh sizes, it also supports the courser 

mesh models required for economical code execution times. As a result, considering strictly 

hydraulic phenomena, spatial mesh configuration is not a high concern for numerical stability. 

For code accuracy, mesh sizing does become more important for heated surfaces. Steep 

temperature gradients will influence the adjacent fluid conditions. For this reason, smaller mesh 

sizes are used on heated surfaces to capture expected phenomena. 

The final figure-of-merit for quantifying code variability can come from calculations of hot rod 

PCT. For a set of equivalent input models, differing only in time step (constrained to be less 

than the Courant limit), comparisons of PCT traces can be used to evaluate expected code 

variability. By using this approach, nodalization decisions can be made in an effort to minimize 

the impact of code variability. 

In summary, the iteration process for defining a nodalization methodology included decisions to 

change a component nodalization based on the analysis of either assessments (integral- and 
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separate-effects) or plant sensitivity studies. These calculational results were generally used to 

confirm the adequacy of a chosen nodalization scheme; however, sensitivity studies also were 

performed to quantify the impact on peak clad temperature. In some instances, the effect of a 

trial nodalization scheme produced unacceptable variability in PCT results. 

4.2.3 Loop Model 

The loop includes those components outside the reactor vessel, including the pressurizer and 

ECCS. For W and CE PWRs supported by this methodology, all loops are modeled individually 

(i.e., the unbroken loops are not lumped into a single combined loop). Each loop models the 

hot-leg piping, steam generator primary and secondary fluid volume and heat transfer, pump 

suction piping, and pump discharge cold-leg piping. Each loop also contains modeling of the 

accumulator and high- and low-pressure injection ECCSs. The nodalization scheme is 

presented in Figure 4.3 for a sample loop with the pressurizer. 

The following are key features and assumptions for the reactor coolant loops. 

[ 

1 

1 

The nodalization detail for the coolant loops, pressurizer, and primary and secondary sides 
of the steam generators was selected to give consistent results without increasing running 
time because of excessive nodalization 

1 
Assessment of loop nodalization comes from various facility test programs, including SCTF, 

CCTF, LOFT, Semiscale, and, to a lesser extent, UPTF. In addition, the W/EPRI 1/3 Scale 

SteamNVater tests, a separate-effects test examining ECC mixing in the cold leg, also is a 

useful assessment. Acceptance of nodalization schemes was based on the general agreement 

in code/data comparisons for pressures, differential pressures, mass flow rates, and heat 

structure temperatures. 

4.2.3.1 Hot Leg 

The hot leg connects the reactor vessel to the steam generator inlet plenum. [ 
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1 

] The entrainment of droplets from the reactor 

vessel will enhance the effect of steam binding, which will inhibit reflood. Code-to-data 

comparisons of tests performed on the CCTF show that S-RELAP5 overpredicts the 

entrainment phenomenon from the upper plenum to the hot legs. This is considered acceptable 

given that over-entrainment will have a conservative influence on PCT and that the relative 

importance of entrainment in the hot legs is moderate. 

4.2.3.2 Steam Generator 

The steam generator nodalization scheme is essentially identical to the traditional approach 

used by other large thermal-hydraulic codes such as TRAC and RELAP5 (References 4 

and 23). [ 

1 

The dominant phenomena of importance are the steady-state heat balance and steam binding 

during reflood. Heat balance is ensured by the use of control systems controlling feed and 

steam flow depending on liquid level and recirculation ratio. Plant sensitivity studies examining 

steam generator performance during a LBLOCA have shown that all the liquid that gets carried 

into the steam generator vaporizes. This is the expected result; hence, this nodalization 

scheme is considered acceptable. 
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4.2.3.3 Pump Suction 

1 

4.2.3.4 Reactor Coolant Pump 

The pump is a component model, meaning that the pump physics is independent of 

nodalization; hence, the primary objective of the nodalization scheme is to ensure consistency 

with the structural characteristics. [ 

4.2.3.5 Cold Leg and Break 

The cold leg extends from the RCS pump discharge to and including the reactor vessel inlet 

nozzle. [ 

1 

] The break model is either a double-ended guillotine or a 

double-ended split. The difference is break size and whether a flow path is modeled across the 

break. An investigation into code variability showed that the defined break configuration 
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reduces code variability associated with water property calculations. [ 

1 

Condensation driven by the cold ECCS water coming in contact with steam is the primary 

phenomenological concern that may be influenced by nodalization. The parameter has been 

identified as one of the key uncertainty parameters for RLBLOCA; hence, any nodalization 

dependence is absorbed within the assessment that quantifies this uncertainty. 

4.2.3.6 ECCS 

The ECCS includes models for the accumulator and the piping connecting it to the RCS with 

sufficient detail to allow the code to accurately predict coolant flow splits for low-pressure 

injection flows. Figure 4.10 shows a typical nodalization for the ECCS of a three-loop plant. 

The dominant component in the ECCS is the accumulators. [ 

1 

The dominant phenomena of importance are the accumulator discharge and the 

noncondensible gas transport following accumulator discharge. Activity in the accumulator lines 

can be characterized as a period of single-phase incompressible flow (accumulator water 

discharge) followed by a brief period of single-phase compressible flow (nitrogen gas) before a 

two-phase mixture (water-nitrogen) from the accumulator and the low pressure injection system. 

Accumulator discharge and LPSl flow are governed by Bernoulli physics for incompressible, 

single phase flows. Noncondensible gases will transport from the accumulator to the RCS by 

gas expansion and pressure forces. However, as the partial pressure at the ECCS-to-cold-leg 

junction drops with increasing noncondensible quality, flow will choke for a time and the 

upstream conditions will become independent of the downstream conditions. For this reason, 

the important phenomenon, rate of flow into the RCS, is dominated by the choked flow 
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phenomenon and any special treatment of the compressible flow problem will have a negligible 

effect on the outcome of the transient. 

4.2.3.7 Pressurizer 

The pressurizer vessel is modeled with [ 

] The dominant phenomena of interest are early quench 

and critical flow in the surgeline. Neither phenomenon will show much sensitivity to nodalization 

because the surgeline remains choked during the period in which these concerns are important 

(blowdown). 

4.2.4 Reactor Vessel Model 

The key components of the reactor vessel are the downcomer, lower head and plenum, core, 

and upper head and plenum. The nodalization is presented in Figure 4.4. The key features and 

assumptions for the reactor vessel are as follows: 

1 

1 

1 

1 
4.2.4.1 Downcomer 

The reactor downcomer is modeled for the RLBLOCA analysis using [ 
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1 

For asymmetric cold and hot leg connections to the reactor vessel, the only practical 

nodalization option is [ 

1 

The dominant downcomer LBLOCA phenomena (condensation, hot wall effects, multi- 

dimensional flow, CCFL, and entrainment) affect the refill period. These phenomena primarily 

influence the duration of ECCS bypass. With the exception of multidimensional flow, sensitivity 

of these phenomena to downcomer nodalization is not expected (condensation and hot wall 

effects are selected uncertainty parameters). The collective sensitivity of these phenomena was 

evaluated by varying the azimuthal node sizes in the UPTF input model. The UPTF model for 

the sensitivity study was simplified by neglecting heat structures; hence, the influence of the hot 

wall phenomena cannot be determined from this assessment. 

The UPTF Test 6 experiments investigated the countercurrent flow of steam and ECC water in 

the downcomer during the end-of-blowdown and the refill phases of a four-loop PWR LOCA. 

Test 6 consisted of five separate quasi-steady runs with essentially the same boundary 

conditions, but with different core steam flows ranging from 100 to 440 kg/s. Run 136 was the 

lowest steam flow case of the Test 6 series. The ECC water in Test 6 was injected into each of 

the three intact loops at the same flow rate. 

] The conclusions from this study 

were that the lower plenum refill is relatively insensitive to downcomer nodalization for uniform 

ECC water injection into all intact loops. Both the base and sensitivity calculations showed 

conservative results when compared to measured data. Additionally, the base case model 

results with heat structures actually increased the conservative bias in the lower plenum refill. 
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A similar study was performed for the 3-loop plant model. The trial nodalization doubled the 

number of azimuthal sectors from [ 

] This 

configuration reduced the amount of ECC bypass, which resulted in a less severe transient. 

In conclusion, the downcomer model described in Reference 12 was found to provide the best 

representation of the expected downcomer phenomena. 

4.2.4.2 Lower Vessel 

The lower vessel includes all volumes [ 

1 
. [ 

1 

1 

1 

The dominant LBLOCA phenomenon of importance that possibly is influenced by nodalization is 

liquid sweep-out, although this phenomenon is expected to have only a moderate influence on 

transient PCT. Because some multidimensional flow is to be expected, [ 
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1 
Considering that the UPTF facility is a full scale facility, the conservative bias demonstrated in 

the UPTF Test 6 assessment is expected to translate into a conservative bias for the sweep-out 

phenomenon in plant calculations. 

4.2.4.3 Core, Core Bypass, and Fuel 

The core region extends from the bottom of the active core to the top of the upper core support 

plate. [ 

1 

The most important contributor to nodalization sensitivity is expected to be the core nodalization 

because it directly affects the liquid distribution in the core. The key phenomena of importance 

influenced by nodalization are the convective heat transfer modes, entrainmenVdeentrainment, 

multi-dimensional flow, stored energy, oxidation, core power and decay heat. Since the heat 

transfer modes, entrainmenvde-entrainment, core power, decay heat and stored energy 

phenomena are treated statistically, only the multidimensional flow phenomenon is relevant for 

nod a I izat ion. 

Axial core nodalization studies using the 3-loop plant model showed significant variability with 

coarse models. Given the expense of moving to a finer nodalization, the axial nodalization was 

defined in the range of [ 

] These node lengths are the smallest defined for the S-RELAP5 plant model; 

hence, they will define the Courant limit. [ 

1 
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Radial core nodalization studies using the SCTF assessment model has shown that the four 

radial ring model provides essentially the same results as on the 8 ring model. The [ 

1 

[ 

1 

] This configuration was used to give better 

resolution to the axial power profile. The radial widths used to describe the internals of the fuel 

rod are on a scale to finely resolve temperature gradients (Reference 12). 

4.2.4.4 Upper PlenumlUpper Head 

The upper plenum region extends from the top of the upper core support plate to the core 

support ledge in the vessel wall (the bottom of the upper head wall). [ 

1 

The dominant phenomena of importance are entrainmenVdeentrainment, fallback (CCFL), and 

upper head temperature. The entrainment phenomenon is considered in the same manner as it 

was for the hot legs and the upper head temperature is treated statistically. Nodalization 

sensitivity to fallback was investigated through sensitivity studies. [ 

] This configuration captures the preference for fallback to colder assemblies 

as demonstrated in a 3-loop model test problem. The CCTF assessments were performed with 
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the multi-dimensional upper plenum. The results from these assessments showed general 

conservatism to liquid fallback. 

In many plants, flow asymmetry into the upper plenum can exist. Flow can travel either directly 

into the upper plenum or through a support column or mixer vane and then into the middle of the 

upper plenum. [ 

] This configuration is necessary to bound the 

possibility of having the hot assembly under a standpipe. The standpipe will restrict liquid 

fallback from the upper plenum into the core relative to an open hole. [ 

4.2.5 Containment Model 

Nodalization of the containment for the RLBLOCA is defined in a separate input file from the 

normal S-RELAP5 input. The containment model input is equivalent to the input used for the 

ICECON code (Reference 14), which is the FRA-ANP proprietary version of the CONTEMPT 

code (Reference 20). Appended to the S-RELAP5 input file is a description of the link between 

the S-RELAP5 input and the ICECON input. [ 

] S-RELAP5 drives the containment calculations with 

mass flow and enthalpy and the ICECON subroutines return containment pressure and 

temperature to update the S-RELAP5 time-dependent volumes. 

The dominant phenomenon of interest related to the containment model is containment 

pressure. Containment pressure is treated statistically in this RLBLOCA methodology by 

ranging the containment volume from the best-estimate value to maximum possible free 

volume. Because the ICECON models provide only pressure and temperature for S-RELAP5, a 

simple model is adequate. This model is one volume representing the containment space 

surrounding the reactor vessel. 

4.2.6 Plant Model Summary 

The nodalization described in this section has been developed by applying the approach 

described in Reference 4. This nodalization development methodology was an iterative 

approach. The base nodalization originated through experience gained by RELAP5 users at the 
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Idaho National Engineering Laboratory and by ANF-RELAP and S-RELAP5 users at FRA-ANP. 

Nodalization has been refined from both plant and code assessment tests which, to the extent 

possible used the same nodalization. These studies were performed to examine the sensitivity 

of PCT and dominant phenomena to nodalization. Test results were used to justify any 

nodalization changes. 

The final product of the nodalization methodology is a guideline (Reference 12) that when 

strictly followed defines how a CE 2x4 and 

S-RELAP5 calculations. While the uncertainty associated with nodalization is minimal, it will be 

included in the uncertainties determined for key LBLOCA parameters, because the NPP 

nodalization has been used in determining those uncertainties. Nonetheless, every attempt was 

made to develop a nodalization with a minimal uncertainty before any uncertainty analysis was 

performed. 

3- or 4-loop plant should be modeled for 

4.3 Definition of Code and Experimental Accuracy (CSAU Step 9) 

This section provides the evaluation of the code assessments reported in Reference 5 with 

respect to the RLBLOCA methodology. The code assessments from Reference 5 applicable to 

the RLBLOCA methodology are those discussed in Section 4.1 and listed in the assessment 

matrix Tables 4.2 and 4.3,. These assessments were chosen to address the important PlRT 

phenomena identified in Table 3.4. The cross correlation between assessments and PlRT 

phenomena is provided in Table 4.3. In addition, some assessments were chosen to address 

issues of code scalability. These assessments and the discussion with respect to scalability are 

provided in Section 4.4. 

One purpose of the assessments is to determine S-RELAP53 capability to predict the important 

phenomena in the large-scale PW R systems. Section 4.2 discusses appropriate nodalization to 

represent the PWR system components. For the assessment results to apply to the large-scale 

PWRs, nodalization used in the assessments must be consistent with the large-scale plant 

nodalization in the regions where the phenomena are being assessed. As far as possible, 

FRA-ANP used the plant nodalization described in Section 4.2 and the S-RELAP5 input 

guidelines (Reference 12) to derive assessment nodalizations which are consistent with the 

PWR application nodalization. However, unique features of the small-scale facilities sometimes 

require deviations from the guidelines. The detailed nodalizations for the experimental facility 

assessments are given for each assessment in Reference 5. For the most part, the assessment 
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nodalizations are consistent with the plant application, and where deviations have been made, 

the reasons for the deviations and the effects on results are discussed. 

4.3.1 Separate Effects Tests (SET) 

Separate effects tests from 15 different facilities have been used to assess the capabilities of 

the S-RELAP5 and RODEX3A codes to predict LOCA and transient phenomena. The detailed 

results comparing calculations against measured test data are given in the S-RELAP5 code 

verification and validation report, Reference 5. The S-RELAP5 code is used in multiple 

methodologies; therefore, it is appropriate that the code validation assessments are included as 

part of the code documentation. However, the SET assessments in Reference 5 also provide 

the information to assess code capability for the RLBLOCA methodology. Detailed results from 

Reference 5 will not be repeated in this report. Instead the appropriate information will be 

extracted and summarized with respect to the LBLOCA phenomena addressed. Table 4.3 
shows the SET facilities, the tests that were selected, and the phenomena from the PlRT to be 

addressed. The following sections follow the format of Table 4.3 in providing the results of the 

assessments in order of the listed facilities. 

4.3.1 .I THTF Heat Transfer 

The Oak Ridge National Laboratory (ORNL) thermal-hydraulic test facility (THTF) was used to 

perform numerous heat transfer tests using full-length electrically heated fuel rod simulators. 

The facility, tests, and assessments are detailed in Section 3.1.2 of Reference 5. The 

assessment tests consisted of 22 steady-state film boiling tests, three transient boiloff tests, and 

two sets of reflood tests (1 1 tests). 

The purpose of the assessments using the steady-state tests were to get optimum values of the 

bias for the CHF correlation and for the post-CHF heat transfer correlation. [ 

1 

The ratio of the measured heat transfer coefficient (HTC) to the calculated HTC (from 

S-RELAP5) was evaluated statistically (see Figure 4.1 3). The frequency plot, Figure 4.14, 
showed the ratio to be non-normal, with a downward skew. The ratio was fit using a 

conservatively bounding normal distribution. This distribution is slightly conservative with 

respect to the distribution of measured scaling factors, as shown in Figure 4.1 5, and the 
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uncertainty in the post-dryout HTC for S-RELAP5 can be represented by [ 

1 

The range of HTC bias variation was then applied to three sets of transient data: one in 

blowdown and two in reflood. The range of variation determined in the steady-state analysis 

was sufficient to allow the predictions by S-RELAP5 to bound the measured data for the 

blowdown cases and for nearly half the reflood cases. With one exception, for the other reflood 

cases, the S-RELAP5 predictions for quenching were conservatively slow. [The one case in 

which the prediction was not slow was the lowest reflood case.] The temperatures predicted by 

S-RELAP5 for all the other cases in that test series bounded the measured temperatures. The 

underprediction of the quench time for the one case is quite anomalous and, because of the 

very low flow rate, could well be an artifact of the boundary conditions. 

For the second set of reflood tests, S-RELAP5 somewhat overpredicted the quench time. 

Overall the results of the transient test predictions by S-RELAP5 are acceptable. In the bulk of 

the cases, the uncertainties for the HTC bias were sufficient to make the data and the 

predictions agree. For those reflood cases that had data outside the predicted range, the 

predictions by S-RELAP5 were conservative. 

The CHF bias is applied for RLBLOCA calculations, and the statistical information on heat 

transfer is used to derive the uncertainty multipliers on heat transfer presented in 

Sect ion 4.3.3.2. 

4.3.1.2 THTF Level Swell 

Calculations for the three ORNL THTF Level Swell Tests, 3.09.10j, 3.09.10m, and 3.09.10dd, 

were carried out with S-RELAP5. Section 3.1.3 of Reference 5 presents the details of these 

assessments. Comparisons of calculated and measured void fractions for the three tests are 

shown in Figures 4.16 through 4.18, along with results using RELAP5/MOD3.2. The void 

fractions calculated by S-RELAP5 are slightly lower than the data in two cases and are very 

close to the data in the third, Test 3.09.10j. The mixture level lies between the pre-CHF and 

post-CHF regions. Both the data and the calculations show that the post-CHF region has a void 

fraction of 1 (single-phase steam) or nearly 1. Such a condition is typical of the core during a 

SBLOCA. 
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For S-RELAP5 calculations, the flow regime below the mixture level belongs to slug flow. 

Therefore, the purpose of this assessment was to validate the constitutive models of the slug 

flow in the reactor core. The subcooled boiling model is responsible for the starting point of 

measurable void fraction. The interphase heat transfer model takes care of the vapor 

generation from heat input to the fluid. The interphase friction correlations for the slug flow 

determine the void profile in the pre-CHF region. 

The small differences between the calculated and measured void fractions indicate that the 

interphase correlations apply. The agreement is particularly good for Test 3.09.1 Oj, which has 

the lowest pressure (609 psi) among the three tests. For the two higher pressure cases, 

Test 3.09.1 Om (1 009 psi) and Test 3.09.1 Odd (1 173 psi), the calculated void fractions are 

slightly lower than the data. This indicates that the interphase friction is computed somewhat 

lower than it should be at high pressures. The lower interphase friction tends to result in a 

longer dryout period and, therefore, higher clad temperatures for a SBLOCA. 

4.3.1.3 GE Level Swell 

The GE Level Swell Test, 1004-3, is essentially a small break blowdown of a vertical vessel 

14 ft high by 1 ft in diameter. The vessel was initially pressurized to 101 1 psi and filled with 

saturated water up to the 10.4 ft elevation. The void fraction distribution was measured axially 

in the test. This assessment provides a test of the two-fluid interphase models in predicting the 

flow regimes and void fraction distributions that occur under depressurization conditions. 

Section 3.6 of Reference 5 gives the detailed assessment results of the GE level swell test. 

The purpose of this assessment was to validate some of the interphase heat transfer 

submodels. The key model affecting these assessments is the interphase friction for the bubbly 

and slug flows. Comparisons of measured versus calculated void fraction distributions are made 

at two transient times, 40 and 100 seconds. Figures 4.1 9 and 4.20 show the S-RELAP5 

calculated void fraction results along with data and RELAPUMOD 3.2 results. Results from 

S-RELAP5 compare well with the data. The void fractions calculated by S-RELAP5 are within 

the range of experimental uncertainty, providing excellent agreement. The calculated flow 

regimes are bubbly flow below the void fraction of 0.25; slug flow from the void fraction of 0.25 

up to the two-phase mixture level position, which occurs at around the void fraction of 0.3 to 0.6; 

and annular-mist flow (very close to single-phase steam) above the mixture level. The results 

Framatorne ANP Richland, Inc. 



EMF-2103(NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page 4-23 

indicate that, for this slow transient condition, the two-fluid interphase friction model 

implemented in S-RELAP5 is applicable. 

The jump of void fraction from -0.4 to -0.99 within neighboring volumes distinctly defines the 

location of a two-phase mixture level. The interphase friction models for slug flow, vertical 

stratification, and annular-mist flow work in harmony to produce a smooth, but sharp transition 

from a low void fraction region to a very high void fraction (close to 1) region. 

In a non-equilibrium code such as S-RELAP5, the phase exchange (vapor generation) process 

during blowdown is calculated through the use of an interphase heat transfer model. The 

calculated liquid and vapor (steam) temperatures are close to the saturation temperature. This 

shows that the interphase heat transfer submodels described in Section 3.4 of the code manual 

(Reference 9), particularly those for the metastable state conditions, are appropriate and 

adequate for treating the depressurization phenomena. 

4.3.1.4 FRIGG2 

The FRIGG2 void distribution experiments were performed in the Caps Loop Facility in the late 

1960s. The test section had 36 heated rods and was designed to give a full-scale simulation of 

a boiling channel for the Marviken reactor. There are 27 axial void distribution tests. The void 

distribution was measured by the multi-beam gamma method. Section 3.1 0 of Reference 5 

describes the FRIGG2 assessments. 

The assessments were run to validate the S-RELAP5 subcooled boiling model and interphase 

friction model for pre-CHF flow regimes. The tests are steady state and the axial void 

distribution data are well-suited for the purpose. Calculations of all 27 tests were carried out. 

Calculations of the 27 FRIGG2 axial void distribution tests produced good to excellent 

code-data comparisons, as shown in Figures 4.21 through 4.30. In the plot of calculated versus 

measured void fraction shown in Figure 4.31, the points are scattered around and close to the 

diagonal line. The mean of 170 points of calculation over measurement is 0.98 and the 

standard deviation is 0.096. The results confirm the applicability of the S-RELAP5 interphase 

friction model for the pre-CHF flow regimes, particularly the slug flow, for the core geometry. 
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4.3.1.5 Bennett Tube 

The Bennett Heated Tube Tests were conducted by the UKAEA Research Group to measure 

the dry-out [or critical heat flux (CHF)] location and the surface temperature profiles in the region 

beyond the dry-out point. Calculations for Test Case 5358 and Test Case 5379 were 

performed. The main purpose of the assessment is to evaluate the applicability of the Biasi 

CHF correlation. Post-CHF heat transfer also was examined. The detailed assessment results 

are given in Section 3.2 of Reference 5. 

Two Bennett heated tube tests were assessed, a low-flow test (5358) and a high-flow test 

(5379). As shown in Figures 4.32 and 4.33, the calculated CHF positions agree well with the 

data for these two cases. For the low-mass-flux case, the wall temperatures in the film boiling 

region are well predicted. The calculated temperature rise immediately after the CHF is not as 

high as the measured temperature. For the case of high mass flux, the calculated wall 

temperature stays rather flat in the post-CHF region and is higher than the data in the top-end 

region. For the low-mass-flux case, the calculated temperature continues to rise in the 

post-CHF region and catches up with the data. The mass flux for the high-flow case is well 

outside the LBLOCA conditions. In conclusion, the results of this assessment validate the 

S-RELAP5 correlations for predicting CHF and dry-out. 

4.3.1.6 FLECHT and FLECHT SEASET 

Full Length Emergency Cooling Heat Transfer - System Effects And Separate Effects 

(FLECHT SEASET) Tests and Full Length Emergency Cooling Heat Transfer (FLECHT) 

Low-Flooding-Rate Skewed Tests (Skewed) have been widely used to assess system codes. 

The S-RELAP5 assessments for these facilities are given in Section 3.3 of Reference 5. 

The purpose of these assessments was to evaluate the S-RELAP5 code heat transfer and 

hydrodynamics. In addition, core axial nodalization studies were performed to validate NPP 

nodalization. The FLECHT SEASET facility used the 

design; the FLECHT facility used the !& 15 x 15 geometry for the reference fuel design. The 

forced reflood separate-effect tests are with injection or flooding rates that are very demanding 

for simulations with the realistic system codes. The FRA-ANP selected the FLECHT SEASET 

tests 31504, 31701,31302,31203, 31805, 32013, and 34209, and FLECHT Skewed Tests 

13609 and 13914 to validate the reflood modeling capability of S-RELAP5 for the RLBLOCA 

17 x 17 geometry for the reference fuel 
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methodology. For LBLOCA reflood, the selection covers the whole range of pressure, 

subcooling, and flooding rate, and includes cosine and skewed axial power profiles. 

The important parameters for assessing the code calculation against the measured data are: 

PCT 

Cladding surface temperature history 

Steam temperatures 

Heat transfer coefficients 

Differential pressures 

Mass inventory 

Liquid carryover 

Rod quench time. 

The PCT is one of the required criteria for LBLOCA licensing. PCT is the maximum value of all 

cladding temperatures. With the power specified, the cladding surface temperatures at various 

elevations depend on the heat transfer rates from the surface to the fluid. The fluid conditions, 

including the steam temperature and void distribution, determine the heat transfer rates. The 

differential pressures indirectly measure void distribution under low-flow conditions. The total 

mass in the test section indicates how much of the injection water stays in the test section to 

cool the rods and how much is entrained out. The liquid carryover is the amount of liquid 

entrained out of the test section and is closely related to the mass inventory. The rod quench 

time depends strongly on the transition boiling correlation used in the code. Information about 

the eight parameters listed provides a basis for understanding the computed results compared 

with the measured data. 

Conclusions from the FLECHT-SEASET and FLECHT Skewed assessments in terms of the 

important parameters are provided in the following paragraphs. 

Peak Cladding Temperature 

Figures 4.34 through 4.42 show the calculated maximum surface temperatures and the 

measured temperature data at various elevations in the simulated fuel assemblies for the 

various tests. The S-RELAP5 calculated PCT is in good agreement with or acceptably higher 

than the measured data. The calculated maximum clad temperature being generally higher 

than the measured data at all elevations. The calculated maximum clad temperature more 
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closely matches the measured data below the test section mid-plane. However, the calculated 

maximum clad temperatures generally are much more conservative above the test section mid- 

plane. The conservatism above the test section mid-plane is exaggerated even more when the 

axial power profile is top peaked. The calculated maximum clad temperature conservatism 

generally increases with decreasing reflood rate, decreasing system pressure, or increasing 

in let su bcool i ng 

Rod Surface Temperatures 

The calculated temperature at a specified elevation has been compared with the measured 

temperature near the same elevation. The quench times are calculated well at the lower 

elevations for all tests and at all elevations for the lower flooding rate tests. 

The calculated rod surface temperature during the temperature rise portion of the test compares 

well with the measured data. However, the quenching time is calculated late for the highest 

reflood rate test, Test 31 701. The quenching time is progressively earlier for the tests with 

lower reflood rates until, at the lowest reflood rate, S-RELAP5 calculates a quenching time that 

is too early. S-RELAP5 has calculated good agreement of the complete transient at the 78 in 

elevation for the three intermediate reflood rate tests. 

S-RELAP5 calculated rod surface temperatures are in good agreement for the complete 

transient at all elevations for the high system pressure test, Test 3201 3, and for elevations 

below 90 in for the low pressure test, Test 34209. For Test 34209, at elevations at or above 

90 in, the rod surface temperature is significantly overpredicted. 

For the FLECHT Skewed tests, S-RELAP5 tends to predict a higher maximum clad temperature 

at all elevations and tends to predict late turnaround. In the low subcooling test, Test 13914, 

S-RELAP5 tends to predict a late quench time. In the high subcooling test, Test 13609, 

S-RELAP5 tends to predict an earlier quench time at or below an elevation of 82.8 in. 

For FLECHT SEASET Test 31 504, the PCT occurs in the region above, but close to, the 

mid-plane of the test section. The calculated rod surface temperature in the temperature rise 

period is in good agreement with the measured data. 
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Steam Temperatures 

Steam temperature is one of the important parameters in determining the heat transfer rate 

during the temperature rise period. Figures 4.43 through 4.51 show the calculated and 

measured steam temperatures for the FLECHT and FLECHT-SEASET tests. The calculated 

steam temperature generally is lower than the measured steam temperature for the FLECHT- 

SEASET tests and higher than measured steam temperature for the FLECHT skewed tests. 

Differential Pressures 

Differential pressure is an indirect measurement of void distribution, which is an important 

property for calculating the heat transfer rate. The calculated differential pressures are 

somewhat higher than the measured data in the period between 200 and 300 seconds for the 

three lower reflood tests. S-RELAP5 calculates excess liquid accumulation within the region 

between the 72 and 84in elevations during this period. This happens after the PCT has 

occurred and thus has no effect on PCT. 

Heat Transfer Coefficient 

The heat transfer coefficient normally is defined with respect to phase or saturation temperature, 

depending on the heat transfer mode. This definition is used in S-RELAP5 and the other codes 

in the RELAP5 series. The heat transfer coefficient data usually are deduced from the heat 

transfer measurements with reference to the saturation temperature. Good agreement between 

the calculated and measured data is observed for the dispersed-film-boiling heat transfer regime 

(before time = 200 s) leading to a good calculation of the PCT. Figures 4.52 through 4.60 show 

calculated versus measured heat transfer coefficients for the tests. 

Mass Inventory 

The calculated water mass accumulation generally is less than measured. Most of the mass 

accumulation occurs early in the transient as the lower half of the test section is filled. Once the 

water accumulation reaches the high power mid-plane region of the test bundle, the water 

accumulation becomes a balance between injected water entering and entrained and 

evaporated water leaving. Figures 4.61 through 4.69 compare calculated versus measured 

liquid mass inventory. 
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Liquid Carwover 

The calculated carryover generally is greater than the liquid carryover derived from the 

measured carryover tank level, as shown in Figures 4.70 through 4.75 for the FLECHT-SEASET 

tests. This is consistent with the lower calculated mass levels in the test bundle and would 

indicate that S-RELAP5 is overpredicting the entrainment in the bundle. 

Rod Quench Time 

The calculated quench time generally is greater than the mean quench time derived from 

measured rod thermocouple data at high elevations in the FLECHT-SEASET test assembly. 

The magnitude of the delay generally increases with increasing elevation in the test assembly. 

These trends do not hold true for the lowest (Test 31805) and highest (Test 31701) reflood rate 

tests. Quench time comparisons are given in Figures 4.76 through 4.81. 

Summary 

Data comparisons for the eight key parameters were made for all tests calculated. The 

agreement is good, with S-RELAP5 generally calculating peak cladding temperature (PCT) in 

agreement with or higher than the measured data. These data will be used to derive the heat 

transfer parameter multipliers shown later in this section. 

Sensitivitv Studies 

Timestep and nodalization sensitivity studies also were performed using FLECHT SEASET Test 

31 504 to demonstrate the solution convergence of the S-RELAP5 treatment of the reflood 

transient. FLECHT SEASET Test 31 504 was chosen because it is a demanding low flooding 

rate (0.97 ink)  [2.46 cm/s] test. High-flooding-rate tests are known to be easier for the 

advanced system codes to simulate because of early temperature turnover and no sharp 

discontinuities in the void distribution. 

The timestep and nodalization sensitivity studies showed that calculated rod surface 

temperatures are not sensitive to timestep sizes, particularly in the temperature rise period. The 

calculated results had some small variations with the node sizes, noticeably in the quench 

period. The local maximum cladding temperatures (as a function of elevation) computed with 

different node sizes and different time-step sizes are clustered in an extremely narrow band. 
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This band is much narrower than the corresponding measured data band. Also, the calculation 

points are distributed in the high-temperature outer envelope of the measured data. 

Figures 4.82 through 4.84 show results from the nodalization and time step calculations. 

1 

4.3.1.7 PDTFEMART Tests 

The Product Development Test Facility (PDTF) Small Array Reflood Test (SMART) tests were 

performed by FRA-ANP to show that the high thermal performance (HTP)-type (FRA-ANP-type) 

spacer was thermodynamically equivalent to the FOCUSTM' (mixing vane)-type spacer with 

respect to reflood and PCT. The data from these tests provides simulations of FRA-ANP 

prototypic fuel rods under LOCA reflood conditions. Therefore, FRA-ANP used the data from 

the SMART to perform verification and validation assessments on the S-RELAP5 thermal- 

hydraulic simulation code in support of FRA-ANP's RLBLOCA methodology. The tests are 

similar to the FLECHT-SEASET tests and assess the same phenomena, except that they were 

performed in a FRA-ANP facility and used hardware prototypic of FRA-ANP 15 x 15 fuel. The 

assessments also examined the effects of spacer modeling on reflood phenomena. The details 

of the assessments are reported in Section 3.4 of Reference 5. 

The test assemblies were 6 x 6, full-height, simulated PWR assemblies. The rod diameter and 

pitch were characteristic of FRA-ANP's 15 x 15 PWR fuel design. The test assembly had a 

uniform radial power distribution and a chopped cosine axial power distribution. The tests 

simulated five different flooding conditions. Of the five flooding rate conditions, four were 

constant-flooding-rate tests and one was a variable-flooding-rate test. The constant-flooding- 

rate tests had flooding rates of 0.6, 1 ,  2, and 4 ink. The variable-flooding-rate tests started at 

8 i n k  and ramped rapidly to a constant l - i n k  flooding rate. The 0.6-in/s tests were terminated 

prematurely; therefore, they were eliminated for the verification and validation of S-RELAP5. 

FOCUS is a trademark of Frarnatorne ANP. 
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Four tests were chosen to evaluate S-RELAP5's ability to predict maximum clad temperature 

(MCT) at individual elevations and overall PCT. The four tests that were explicitly modeled are 

listed in Table 4.5. 

The current methodology for RLBLOCA does not explicitly model spacers in the core. These 

assessments are being performed to evaluate the acceptability of this methodology. Therefore, 

in addition to evaluating the performance of S-RELAP5 with the current spacer-free modeling, a 

model that incorporates spacer volumes also was created and evaluated. This additional model 

only addresses the reduction in flow area through the spacer. 

Figure 4.85 shows the PCT for each test as predicted by the S-RELAP5 models with and 

without spacer volumes, as well as the PDTF SMART test data. As can be seen, the 

simulations without spacer volumes, but with appropriate junction loss coefficients, predict a 

PCT within the range of the data (excellent agreement) for each flooding condition except for 

the 4-in/s case. For this test, the prediction is 34 O F  (1 9 "C) below the range of the data. This is 

not a significant difference (good agreement). The model without spacer volumes represents 

the current Realistic LBLOCA methodology. The predictions of differential pressure across the 

test assembly and rod surface temperature versus time for the model without spacer volumes 

also were found to be adequate when compared to test data. 

The effect of spacer heat transfer enhancement can be seen when comparing measured 

maximum clad temperatures for the 2 peak power nodes at the axial center of the assembly for 

tests KH02B and KH03B (the 4-in/s flooding rate for test KHOI B is large enough such that 

spacer heat transfer enhancement is not as important). These 2 nodes have identical power 

peaking and, since they are adjacent nodes, they should see similar heat transfer environments. 

However, the upper peak power node spans a spacer. Comparison of measured maximum clad 

temperature data at these nodes shows a temperature differential between the two locations 

(72 in versus 77 in) of about 1 10°F (43°C). Therefore, this is the inferred spacer benefit from 

the measured data. 

The model without spacer volumes predicted a more conservative PCT than the model with 

spacer volumes for every case. Also, the predictions of differential pressure across the test 

assembly and rod surface temperature versus time showed the simulation predictions to be in 
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good agreement with each other. Generally, the model without spacers predicted higher rod 

surface temperatures and a smaller total pressure drop than the model with spacer volumes. 

Figures 4.86 through 4.89 show the predicted PCT and the maximum clad temperature (MCT) 

at each nodal elevation compared to the available data for each test. These figures show that 

the predicted PCTs and MCTs generally are within the range of the data. Also, it can be seen 

that while the model with spacer volumes generally predicts lower MCTs and does a better job 

of predicting rod surface temperature in the vicinity of the spacers, generally little difference is 

apparent between predictions at locations away from spacers. Because of the enhanced heat 

transfer associated with the spacer, PCT does not occur at the spacer location. Therefore, the 

superior ability of the model with spacer volumes to predict rod surface temperatures at spacer 

locations is unimportant with respect to this key analysis parameter. 

In conclusion, this analysis shows that the S-RELAP5 code can adequately predict the reflood 

thermal-hydraulic behavior for the PDTF SMART reflood tests. Also, the analysis shows that 

the current methodology, which does not include the flow area restrictions associated with 

spacer volumes in the core, is an equivalent or conservative model compared to a model that 

includes spacer volumes. 

4.3.1.8 Marviken Tests 

The Marviken Test Facility and test data are well documented. The facility has four main parts: 

a full-scale boiling water reactor (BWR) vessel, a discharge pipe attached to the bottom of the 

vessel, a test nozzle connected to the downstream end of the discharge pipe, and a rupture disk 

assembly attached to the downstream end of the nozzle. Nozzles of various length-to-diameter 

ratios are used in the tests. 

The assessment of the Marviken full-scale critical flow tests was performed to provide the 

uncertainty information for the S-RELAP5 critical flow model to support the S-RELAP5 

RLBLOCA project. The Marviken full-scale critical flow test data were used in the CSAU 

methodology (Reference 4) to determine the critical flow multipliers and uncertainties for the 

break flow model. The Marviken test data also are widely used in assessing critical flow models 

for various system codes. 

Nine Marviken tests were selected for the assessments based on the availability of electronic 

data. The test numbers for the nine tests are: 2, 6, 8,16, 17, 20, 22, 24 and 25. Test 24 has 
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been used to assess the RELAP5 critical flow model beginning with RELAP51MODl and 

Test 22 has been used to assess RELAPUMOD2 and RELAPWMOD3. The break flow data are 

assumed to be accurate, (i.e., uncertainties of data are ignored, when the uncertainties of the 

S-RELAP5 break flow model are computed). 

Details of the Marviken assessments are given in Section 3.5 of Reference 5 and are only 

summarized here. The calculated critical flow mass fluxes and the measured values are 

sampled at l-second intervals. A total of 587 pairs of calculated and measured values from the 

9 tests are collected. Figures 4.90 to 4.98 show the code-to-data comparisons of mass flow 

rates at the break. The calculations agree well with the data. The worst situation is in the 

subcooled-to-two-phase transition region where the differences are larger. 

Figure 4.99 shows the comparison of the calculated mass flux versus the data. The figure 

clearly shows that the comparison points are uniformly scattered around the 45 degree line. The 

ratios of (calculated mass flux minus data)-to-data are used to compute the statistics. [ 

1 

The ratios given in Figure 4.1 00 were evaluated first by separating the subcooled choking and 

two phase choking and then as an overall data set. [ 

1 

4.3.1.9 Westinghouse/EPRI 1/3 Scale Tests 

The W/EPRI 1/3-scale test assessments were performed to assess the ECC/steam mixing 

process during the reflood-accumulator and reflood-safety injection period in a typical PWR 

LBLOCA scenario. 
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The principal feature of the test apparatus was a simulated cold leg that was fabricated from a 

10.42-in, inside diameter (I.D.) straight pipe. Two ECC injection points were provided so that 

the pipe lengths downstream of the injection point were either scaled to a typical PWR or were 

full length. Superheated steam from the boiler flowed through the inlet surge tank and an inlet 

flow chamber before entering the test section. The inlet flow chamber was designed to yield a 

uniform velocity profile entering the test section. Cold water from the storage tank entered the 

test section through either the scaled length ECC injection point or the full length injection point. 

The effluent fluid exited the test section into the outlet surge tank. The surge tanks upstream 

and downstream of the test section help maintain constant pressure boundary conditions for 

circumstances where large pressure oscillations occurred inside the test section. The test 

section was fitted at the top and bottom with thermocouples. This provided temperature data for 

both the vapor and liquid phase in the case of stratified flow inside the test section. Pressure 

drops along the test section also were measured. 

One of the important phenomena identified in PWR LBLOCA is the mixing of the ECCS water 

and the steam in the cold leg during the LBLOCA refill and reflood phases. The controlling 

parameter is the interfacial condensation heat transfer coefficient. Its impact on the PCT 

calculation needs to be evaluated. To do this, the uncertainty range in the interfacial 

condensation heat transfer coefficient for the mixing process must be determined based on an 

assessment against relevant data. In this study, data from the W/Electric Power Research 

Institute (EPRI) one-third scale study was selected. This data has been determined to be 

appropriate and representative of conditions encountered in the reflood and post-reflood phases 

of a PWR LBLOCA. 

Section 3.8 of Reference 5 documents the assessment results and a sensitivity study of the 

multiplier on the interfacial heat transfer coefficient. The results are used to support the overall 

application of the RLBLOCA methodology. 

To confirm the appropriateness of the data, the results of a typical LBLOCA scenario for a 

3-loop PWR were examined. The range of conditions considered in the test matrix is similar to 

that found in the sample calculation. Hence, the test matrix selected is appropriate for the 

present assessment, and can be used to determine the uncertainty associated with the code’s 

capability to predict the ECC/steam mixing process during the reflood period of a LBLOCA. 
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For the S-RELAP5 assessments, the difference between the liquid effluent temperature and the 

injection temperature was the primary data because it relates directly to the interfacial 

condensation heat transfer rate over the entire test section. The capability of S-RELAP5 in 

predicting the interfacial condensation heat transfer in the mixing of ECCS water and steam can 

therefore be assessed by calculating this temperature difference and comparing the calculated 

temperature difference results to measured data. 

] To be consistent with the 

FRA-ANP guidelines, a plant-consistent model is therefore developed for the assessments. The 

determination of the interfacial condensation multiplier is based on this plant-consistent model. 

Nineteen runs were assessed; 9 correspond to the reflood phase after accumulator injection 

and the other 10 to the reflood accumulator injection phase. The primary result sought in this 

study is the effluent liquid temperature (i.e., the liquid phase temperature at the exit of the test 

section). For all the cases run, the thermal hydraulic variables were sufficiently steady at 

100 seconds except for several reflood-accumulator tests. Hence the effluent temperatures at 

100 seconds were used to compare with the measured data. 

Table 4.6 compares the calculated and measured effluent temperature for all the cases, using 

the plant-consistent model. The information from Table 4.6 is plotted in Figure 4.101. The total 

amount of interfacial heat transfer is approximately proportional to the difference between the 

liquid effluent temperature and the inlet temperature (i.e., ECC liquid temperature). Denote this 

difference by AT. The ratio of the calculated AT and the measured AT approximates the ratio 

between the code-predicted condensation heat transfer and the actual value. Hence define R 

as 

Deviation from unity of R represents a code bias in predicting the interfacial condensation heat 

transfer during the ECC/steam mixing process. [ 
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1 

S-RELAP5 was assessed against selected tests from the W/EPRI 1/3 scale condensation 

experiment. A bias was defined that approximately represents the ratio of the experimental and 

code-calculated interfacial condensation heat transfer. This bias was used to assess the 

accuracy of the code in predicting the interfacial condensation heat transfer during the 

ECC/steam mixing process. [ 

1 

4.3.1.10 FRA-ANP CCFL Tests 

As described in Section 3.9 of Reference 5, a small-scale test facility was used to flow test the 

upper tie plates (UTPs) of interest and determine whether or not the S-RELAP5 calculation of 

CCFL was sufficient (i.e., accurate or conservative). UTPs from FRA-ANP designs for @ 

15 x 15 and 17 x 17 fuel assemblies and a CE 14 x 14 fuel assembly were obtained and flow 

tested in the mini-loop of the PDTF. The testing consisted of measuring the liquid penetration in 

an upflow air channel containing the UTP. Kutateladze parameters were calculated from the 

measured data and compared to the corresponding flooding curve predicted for the geometry by 

the S-RELAP5 CCFL model. 

The mini-loop is a Lexan test loop designed to do part-array testing for aidwater evaluations 

and/or flow visualization studies. It was configured to spray water into the top of the test 

chamber while air was injected into the lower portion of the test section. The test chamber was 

sized to contain a 5 x 5 bundle with four spacers and a UTP. Instrumentation is provided to 

monitor flows, pressures, temperatures, and water levels. 

The generic test bundle consisted of a lower flow straightener, four spacers, and 24 rods in a 

5 x 5 array. The bundle was situated in the test channel such that it was held a prototypic 

distance from the UTP test section. The UTP section was supported by the test channel and 
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not connected to the bundle. To ensure proper isolation of the UTP effect, the topmost spacer 

was situated approximately 12 in below the UTP. The same rod and spacer configuration was 

used throughout the evaluation. Care was taken to seal the edge of the UTP to prevent 

unintended bypass. 

The mini-loop was operated at ambient temperature and atmospheric pressure for all test 

conditions. Water was inserted in a disperse spray above the top of the bundle. The facility 

was modified to provide a means to collect the water injected during the test by installing a 

collection tank. 

Countercurrent flow limiting (CCFL) affects the liquid fallback from the upper plenum to the core 

during the refill and reflood portions of the LBLOCA transient. [ 

1 

The experimental data was converted to Kutateladze parameters for comparison to Bankoff 

(Reference 9). The Bankoff correlation, as used in S-RELAP5, has provisions for Wallis or 

Kutateladze weighting, as well as slope and intercept as user input. [ 

] The intercept 

is modified by Tien with: 

c'= c[  tan"[ 0.9[ :i"l) P 

where the characteristic length L is given by 
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and where 

C 1.8 (user input) 

P 1 .O (user input to choose Kutateladze weighting) 

D, tie plate hydraulic diameter 

g gravity 

0 surface tension 

p, liquid density 

pg vapor density 

For the geometries used in the experiments, the following hydraulic diameters and resulting c' 

were used to calculate the Bankoff flooding curves used for comparison purposes: 

1 

[ 1 

1 1 

Figures 4.103, 4.104, and 4.105 compare mini-loop data with Bankoff. In all cases, the 

measured data is conservative (acceptable agreement) with respect to the flooding curves using 

the RLBLOCA parameters (Reference 12). 

4.3.1 .I 1 UPTF Tests 

Section 3.7 of Reference 5 documents assessments of S-RELAP5 using the Upper Plenum 

Test Facility (UPTF). The UPTF was operated by Kraftwerk Union AG (KWU) in support of the 

2D/3D Refill and Reflood Program. It was designed to simulate a four-loop 3900 MWt PWR 

primary system, and was intended to provide a full-scale simulation of thermal-hydraulic 

behavior in the primary system during the end-of-blowdown, refill, and reflood phases of a PWR 

LBLOCA. Note that end-of-blowdown defined by UPTF experimenters differs from the 

blowdown period defined for the RLBLOCA PlRT and consists of the period when the 

accumulators are flowing but the system is still depressurizing. The specific tests assessed with 

S-RELAP5 include selected runs from the following test series, Tests 6, 7, 8, 10, 11, 12, and 29. 

Framatome ANP Richland, Inc. 



EMF-21 03(NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page 4-38 

4.3.1.11.1 UPTF Tests 6 and 7 

UPTF Tests 6 (Runs 131, 132, 133,135, and 136) and 7 (Run 203) were designed specifically 

to examine downcomer countercurrent flow behavior during blowdown, ECC bypass, and lower 

plenum refill with cold-leg ECC injection. The ECC injection is activated in a PWR during the 

end-of-blowdown and refill phases of a cold-leg break LBLOCA transient. These interactions 

play a key role in determining the rate at which ECC water is able to refill the lower plenum. 

The tests were analyzed to demonstrate the ability of S-RELAP5 to self-limit countercurrent flow 

in the downcomer and predict reasonable refill behavior including ECC bypass compared to 

experimental data. 

The S-RELAP5 assessment calculations included simulations of Test 6, Runs 131, 132, 133, 

135, and 136 and Test 7, Run 203. For these runs, the UPTF system was configured to 

simulate the late blowdown and refill phases of a cold-leg break PWR LBLOCA. These tests all 

were initiated with no water inventory in the lower plenum. Steam injected in the core region 

traveled downward to the lower plenum, then exited the vessel via the downcomer and broken 

cold leg. An identical pattern of ECC injection was used for all the runs analyzed, with a 

constant injection rate into each of the three intact cold legs. A wide range of steam flow rates 

was used for the various runs and, depending on the downcomer steam flow rate, the ECC 

water entering the downcomer either bypassed to the broken cold leg or penetrated downward 

to fill the lower plenum. 

The following general observations regarding UPTF Tests 6 and 7 were found to be true of both 

the experiments and their corresponding S-RELAP5 simulations. 

0 Very little water was delivered to the downcomer and lower plenum during the period that 
the intact cold legs were filling with ECC water. Only after the cold legs were filled did a 
significant amount of ECC penetration to the downcomer and lower plenum begin. 

0 When ECC penetration to the lower plenum did occur, the rate of that penetration tended to 
vary inversely with the rate of steam flow in the downcomer. 

During the period of ECC penetration, ECC water from cold legs 2 and 3 (opposite the 
broken cold leg) tended to penetrate directly downward to the lower plenum. ECC water 
from cold leg 1 (immediately adjacent to the broken cold leg) tended to be bypassed to the 
broken cold leg. 

Highly unstable flow conditions were observed in the downcomer during the entire period of 
ECC injection. 
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The specific LBLOCA refill phenomena addressed by the analyses of Tests 6 and 7 include the 

following: 

Downcomer multi-dimensional effects 

Both calculated steam flow and calculated ECC water flow are shown to distribute 

themselves azimuthally in multi-dimensional patterns that were consistent with test 

results. 

Downcomer countercurrent and slug flow 

The various runs were performed with a wide range of downcomer steam flow rates and 

with two phase flow conditions including countercurrent and slug flow. In all cases, the 

code was demonstrated to conservatively (adequate to reasonable agreement with data) 

predict downcomer penetration of ECC water with the RLBLOCA lower plenum plant 

nod a I i zat ion. 

0 Downcomer condensation and non-equilibrium flow 

The various runs were performed with a wide range of ECC subcoolings (and 

downcomer condensation rates) and in all cases, the code was demonstrated to 

conservatively predict downcomer penetration of ECC water with the RLBLOCA plant 

lower plenum nodalization. 

Downcomer entrainment and deentrainment 

With the RLBLOCA plant lower plenum nodalization, the code conservatively predicted 

the entrainment of ECC water from the intact cold legs to the broken cold leg during the 

cold-leg filling period, and correctly predicted full or partial entrainment of ECC water to 

the broken cold leg during the lower plenum refill period. 

0 Lower plenum sweepout 

The code was shown to overestimate the lower plenum sweepout rate when the 

standard RLBLOCA lower plenum nodalization is used (adequate agreement with data). 

A sensitivity study was performed that indicates that the use of a 2-D lower plenum 

model improves the code prediction of sweepout and liquid level. 

Figures 4.106 through 4.1 11 show the lower plenum liquid level as calculated by S-RELAP5 

with the RLBLOCA plant lower plenum nodalization and as measured for each test run. The 
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code is shown to consistently underpredict the lower plenum fill rate and overpredict the amount 

of lower plenum sweep out during the refill period. Underpredicting the lower plenum fill rate 

indicates that, in the full size UPTF facility, the S-RELAP5 code is overpredicting ECC bypass. 

Underpredicting the rate of lower plenum fill is conservative because it delays the beginning of 

core recovery, which will result in the prediction of higher PCTs. 

4.3.1 .I 1.2 UPTF Test 8 

UPTF Test 8 was performed to investigate the thermal hydraulic behavior of ECC water 

injection during the end-of-blowdown, refill, and reflood phases of a postulated LOCA. Of 

particular interest in the test is the pressure and fluid oscillations occurring in the cold legs. 

These oscillations are induced by condensation of steam from the injection of the subcooled 

ECC water, the formation of a liquid plug in the cold leg (slug flow regime), and the transition to 

the stratified flow regime. The code assessment was performed for two Test 8 runs (Run 11 1 

and Run 11 2) that differed by the value of the resistance to flow applied in the pump simulator of 

intact loop 2. The different resistance resulted in a different steam rate into the intact loop 2. 

The primary results from the comparisons of S-RELAP5 to the UPTF data for Test 8 Run 11 1 

and Run1 12 are as follows: 

A key test result was the measurement of a subcooled liquid plug filling the entire cross 
section of the cold leg (slug flow) at higher ECC injection rates. S-RELAP5 also predicted 
the plug formation at the start of the test for the higher ECC injection rates consistent with 
the test results. 

The experimental results and the S-RELAP5 prediction both indicate that condensation 
occurs at the face of the cold-leg plug. 

When the step change in the ECC flow from 400 to 250 (kg/s) occurs in the experiment, the 
S-RELAP5 calculation changes from slug flow to stratified flow. This corresponds directly to 
the start of a transition in the experiment from slug flow to fully developed stratified flow. 
This transition is marked by a high level of temperature oscillation that in the case of 
Run 112 clearly reaches the steam temperature. 

The S-RELAP5 cold-leg temperature solution is in good agreement with the measured 
UPTF data until the point where S-RELAP5 changes from slug flow to stratified flow. At that 
point, no single S-RELAP5 calculated temperature can be directly compared to the UPTF 
data. 

For these S-RELAP5 calculations, the predicted behavior was shown to be relatively 
insensitive for a maximum time step of less than 10 ms. 
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Figures 4.1 12 through 4.1 15 show the results from Test 8 Runs 11 1 and 112. 

4.3.1 .I 1.3 UPTF Tests 10 and 29 

UPTF Tests 10, Run 081, and 29, Runs 21 1 and 212, were specifically designed to simulate 

upper core, upper plenum, and hot-leg fluid flow behavior during the reflood phase of a LBLOCA 

transient. These tests were analyzed to demonstrate the ability of S-RELAP5 to properly predict 

entrainmenudeentrainment phenomena and to limit countercurrent flow at the UTP and upper 

plenum regions of a PWR during the LBLOCA reflood phase. The limiting of down flow into the 

core is important because water down flow into the core region provides a source of additional 

core cooling and reduces the likelihood of water carryout to the steam generators. The water 

carryout to the steam generators affects the predicted steam binding effects because of liquid 

vaporization in the steam generators 

The S-RELAP5 assessment calculations included simulations of Test 10, Run 081, and Test 29 

for a combination of Runs 21 1 and 212. For all of these runs, the UPTF system was configured 

to simulate the reflood phase of a cold-leg break PWR LBLOCA. UPTF Test 10, Run 081, and 

29, Run 21 1/212, were separate effects tests that investigated core, upper plenum, hot leg and 

steam generator behavior during the reflood phase of a PWR LBLOCA with a cold-leg break. 

For these tests, the lower plenum and lower downcomer were filled with water to block steam 

flow directly from the core to the downcomer and cold legs. A mixture of steam and water was 

injected into the core simulator to simulate reflood steam generation and water entrainment. 

The injected steam and entrained water then flowed to the hot legs via the upper core support 

plate and upper plenum. From the hot legs, the steamlwater mixture flowed into the steam 

generator simulators where water was separated from the mixture by cyclone separators. The 

separated water was stored and measured in holding tanks, while the steam (and any 

unseparated water) flowed onward through the pump simulators, intact cold legs, upper annulus 

and broken cold leg to the break junction. 

Each test consisted of a sequence of phases using different steam and water injection rates. 

Run 081 was a 300-second transient consisting of four different flow phases. This test was 

flawed during the period from 50 through 150 seconds by the inadvertent leakage of steam from 

the lower plenum around the core barrel skirt into the downcomer and by accompanying lower 

plenum flow oscillations observed in the test data. This flawed test period involves the first 
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three phases of the test, and data from these phases is not compared with S-RELAP5 

simulation results. The conditions for the four phases of this test are given in Table 4.7. 

Runs 21 1 and 212 were 900-second transients consisting of six different flow phases. Each 

phase consisted of a period of constant steam flow rate and water flow rate, followed by a 

period of no flow. Test 21 1 was flawed by the inadvertent operation of drain valves in the steam 

generator simulator during the first two flow phases. Run 21 2 was a repeat of Run 21 1 with the 

drain valve problem fixed. Run 212 was flawed by oscillatory broken loop drain flow during 

phases 4 through 6. Consequently, the S-RELAP5 predictions will be compared to data from 

phases 1 and 2 (0 through 300 s) from Run 212, and data from phases 3 through 6 (300 

through 900 s) from Run 21 1. The test parameters for the six phases in combined Run 212/211 

are shown in Table 4.8. 

The specific LBLOCA reflood phenomena addressed by the Test 10 and 29 analyses include 

the following: 

0 Steam generator steam binding 

0 Upper plenum two-phase convection 

Upper plenum countercurrent flow 

Upper plenum and hot-leg entrainment and deentrainment 

The following general observations can be made regarding the S-RELAP5 simulations of UPTF 

Tests 10 and 29 using the CCFL inputs for the RLBLOCA methodology. 

Overall predictions of total water carryover to the steam generator simulators indicates that 
the code conservatively overpredicts (adequate agreement with data) the liquid carryover to 
the steam generators. This is conservative because it will result in an overprediction of the 
steam binding effect, which in turn reduces the reflood rate. 

Overall predictions of total fallback to the lower vessel region also was shown to be 
conservative in that the fallback to the core was underpredicted (adequate agreement with 
data). This is consistent with the overprediction of liquid carryover to the steam generators 
because more liquid will be present in the upper plenum to be carried over to the steam 
generators. 

For UPTF Test 10 Run 081 the Kutateladze CCFL correlation is used in the S-RELAP5 code to 

limit down flow at the core UTP. Figure 4.1 16 presents a plot of Kutateladze parameters 

calculated from the S-RELAP5 results compared to the UPTF correlation. The comparison 
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shows that S-RELAP5 is correctly limiting liquid down flow, as noted by the linear upper limit of 

W W g ) .  [ 

] Figure 4.1 16 clearly shows the S-RELAP5 calculations 

are conservative relative to the UPTF correlation developed from the UPTF data. 

For UPTF Test 29, Run 21 1/212, Figure 4.1 17 presents a plot of Kutateladze parameters 

calculated from the S-RELAP5 results compared to the UPTF correlation derived from the data. 

This comparison also shows that S-RELAP5 is correctly limiting liquid downflow noted by the 

linear upper limit of sqrt(Kg). Figure 4.1 17 shows that the S-RELAP5 calculation is conservative 

relative to the UPTF correlation derived from the data. 

Figures 4.1 18 and 4.1 19 demonstrate the S-RELAP5 code overprediction of the liquid carryover 

to the steam generators. Figure 4.1 18 has been shifted in time to account for Test 10, Run 081, 

problems in the first part of the test to limit flow between the core and downcomer. Both plots 

clearly show that S-RELAP5 with the RLBLOCA plant nodalization conservatively overpredicts 

the carryover of liquid to the steam generators. 

An additional set of S-RELAP5 simulations was preformed using the CCFL input parameters 

recommended by KWU for the UPTF tests. These CCFL input parameters significantly reduced 

the conservatism in the S-RELAP5 predictions, indicating that the code is functioning 

appropriately with respect to CCFL inputs. The code prediction of carryover to the steam 

generators still is shown to be conservative relative to the UPTF test data. This indicates that 

the code entrainment/deentrainment model is conservative when applied with the RLBLOCA 

Kutateladze parameters in conjunction with the 2D upper plenum model. 

4.3.1 .I 1.4 UPTF Tests 10 and 12 

UPTF Tests 10, Run 080, and 12, Run 014 were also specifically designed to simulate upper 

core, upper plenum, and hot-leg fluid flow behavior during the reflood phase of a LBLOCA 

transient. These tests differed from Test 10, Run 081, and Test 29 in that flow was allowed 

between the downcomer and core region and Test 12 included nitrogen injection. Analysis of 

these tests demonstrates the ability of S-RELAP5 to properly limit countercurrent flow at the 

UTP and upper plenum regions of a PWR during the LBLOCA reflood phase. This limiting of 

down flow into the core is important because water down flow into the core region provides a 
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source of additional core cooling and reduces the likelihood of water carryout to the steam 

generators with the associated steam binding effects. 

UPTF Test 10, Run 080, was performed to examine countercurrent flow through the UTP and to 

examine co-current water down flow. The lower plenum was filled with water to a level of 1.2 m 

(3.94 ft), steam was injected into the core, and subcooled water was injected into the intact hot 

legs. The boundary conditions set up countercurrent flow of steam and water through the UTP 

as well as through regions of co-current water down flow. 

UPTF Test 12, Run 014, was performed to examine countercurrent flow between the UTP and 

the upper plenum. The water level in the lower vessel at the start of the test was low enough 

(0.56 m, 1.84 ft) to allow steam to flow from the core to the downcomer and broken cold leg. 

Steam was injected into the core, and subcooled water was injected into the intact hot legs. 

These boundary conditions setup countercurrent flow of steam and water through the UTP. 

The key parameters to be compared between S-RELAP5 simulations and test results are the 

down flow of water to the lower vessel region, Kutateladze countercurrent flow parameters 

calculated at the junctions between the upper plenum and core, and the upper plenum pressure. 

Reduced down flow of water to the lower vessel generally is considered to have a conservative 

effect because it leads to less core cooling. Figures 4.120 through 4.122 show results for UPTF 

Test 10, Run 080. Figures 4.123 through 4.125 give similar results for UPTF Test 12, Run 014. 

For both tests, data and S-RELAP5 calculations were compared with two different sets of 
Kutateladze parameters. [ 

] For both sets of Kutateladze parameters, the 

S-RELAP5 code is demonstrated to conservatively limit the water downflow in the 

countercurrent flow mode. The degree of conservatism is significantly reduced when the UPTF 

experimental data parameters are used, but the code predictions remain conservative relative to 

the data in both tests (acceptable agreement). 

The calculated UPTF water down flow also was compared with the S-RELAP5 calculated water 

down flow based on the two sets of Kutateladze CCFL input parameters. The results show that 

overall (co-current and countercurrent) S-RELAP5 conservatively underpredicts down flow. The 

small difference between the down flow results, despite the change in CCFL parameters, 
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indicates that the total down flow is primarily caused by co-current flow. This is consistent with 

the UPTF results which indicate break through of ECC liquid near the hot-leg upper plenum 

junction. The S-RELAP5 results are based on describing the core to upper plenum junction with 

the fuel bundle UTP area consistent with the current RLBLOCA methodology. 

With respect to upper plenum pressure, the S-RELAP5 calculated upper plenum pressure and 

the measured data comparisons indicate that the S-RELAP5 code slightly underpredicts the 

pressure for all cases. 

The final observation is that the presence of nitrogen in the system does not appear to have a 

significant impact on CCFL. One of the differences between Test 12, Run 14, compared to Test 

10, Run 080, is that nitrogen was injected into the system. Comparisons of the Kutateladze 

parameters indicate that the presence of the nitrogen in the system does not affect either the 

S-RELAP5 calculation or the UPTF experimental results for CCFL. 

4.3.1 .I 1.5 UPTF Test 11 

Assessment of UPTF Test 11 was made to validate the application of the S-RELAP5 CCFL 

model to the steam generator inlet plenum junction from the hot leg. UPTF Test 11 is a series 

of quasi-steady-state SETS conducted to investigate the countercurrent flow of steam and 

saturated water in the hot leg of a PWR. Countercurrent flow in the hot leg was simulated by 

venting steam from the primary system through the UPTF broken loop hot leg to the 

containment simulator downstream from the water separator. Simultaneously, a stream of 

saturated water was injected into the water separator inlet chamber. The test consisted of a 

series of flow conditions to map out the countercurrent flow curves at two different pressure 

conditions, 0.3 MPa (low pressure case) and 1.5 MPa (high pressure case). 

The measured water level increase in the lower plenum of the test vessel was used to calculate 

the mean downflowing water rate by use of the volume versus elevation calibration curve. The 

upflowing water mass flow rate was separated by the cyclones and measured using the water 

level outside the cyclones in the water separator. At higher injected steam mass flow rates, a 

small part of the upflowing water was carried out by the steam to the containment simulator. To 
check the water mass balance, the water level in the water separator was measured and no 

water was drained from the water separator or from the lower plenum of the test vessel during 

the test. 

Framatorne ANP Richland, Inc. 



EMF-2103(NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page 4-46 

Two S-RELAP5 input decks were created for each test series, one without the CCFL model and 

one with the CCFL option selected for the junction between the hot leg and inlet plenum. [ 

] The water and steam injection rates were input as 

boundary conditions into S-RELAP5 for both the Iow- and high-pressure test series. 

Figure 4.126 shows the simulation of the water and steam injection rates for the entire 

high-pressure (1.5 MPa) test series. At 12 seconds, water injection started and reached 

9.8 kg/s within 0.5 second. Between 150 to 200 seconds, the water injection rate increased 

from 9.8 kg/s to 29.4 kg/s and then remained constant. After the initial ramp-up, the steam 

injection rate was held constant for 200 seconds and then increased to a higher value within a 

50-second interval. This steam injection pattern was repeated for all the high-pressure test 

steam flow rates. For the low-pressure (0.3 MPa) test series, a similar simulation of the water 

and steam injection rates was used for the test calculation, as shown in Figure 4.127. 

The calculated water downflow rates are listed in Table 4.9 for the low-pressure test series and 

Table 4.10 for the high-pressure test series. The calculated results, data, and data error bands 

are shown in Figure 4.1 28 with the steam injection rate plotted against the liquid mass downflow 

rate. 

When the [ 

] good agreement between calculation and data is shown. For the 

high-pressure case (1.5 Mpa), complete carryover of water to the steam generator occurs at a 

steam flow rate of 40.2 kg/s, which is the same as the experimental value. For the low pressure 

case (0.3 Mpa), complete carryover occurs at a steam flow rate of 18.5 kg/s, which is lower than 

the experimental value of 20.5 kg/s (note, however, no experimental data points occur between 

15.3 kg/s and 20.5 kg/s). For both test series, the calculated water downflow rates are slightly 

higher than the data in the region close to complete carryover and lower than the data in the 

lower steam flow region. [ 

1 

Without the CCFL model, the steam flow rate for complete liquid carryover is calculated to be 

55 kg/s and 24 kg/s, respectively, for the high-pressure and low-pressure cases. Complete 

water downflow is calculated to occur below the steam mass flow rate of 18.5 kg/s for the 

low-pressure case and below 40.2 kgls for the high-pressure case. This is not supported by the 
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experimental data and is not conservative. [ 

1 

The calculated results without the CCFL model show that the interphase friction package alone 

cannot properly calculate the countercurrent flow phenomena at the steam generator inlet 

plenum. [ 

1 

4.3.1.12 CCTF Tests 

The Cylindrical Core Test Facility (CCTF) Core-ll Test Series was undertaken to provide a 

major and useful data base of LBLOCA reflood behavior in PWRs. Of particular interest were 

the simulations of reflood behavior after a LBLOCA in W &loop PWRs in which ECC is injected 

into the cold leg. CCTF is a full-height, 1/21 scale model of the primary coolant system of a 

4-loop PWR plant. The facility was designed to reasonably simulate the flow conditions, 

including ECC flow behavior in the downcomer, and reactor core responses in the primary 

system of a PWR during the refill and reflood phases of a LOCA. Details of the CCTF 

assessments are reported in Section 3.12 of Reference 5. 

The objective of these assessments is to ascertain S-RELAP5's capability to simulate reflood 

transients in conjunction with FRA-ANP RLBLOCA modeling guidelines. Therefore, the 

nodalization, time step, and other input parameters are set to those defined in the modeling 

guidelines (Reference 12) and all LBLOCA uncertainty multipliers are set to the nominal value 

of 1 .o. 

Four of the 29 tests ( tests 54, 62, 67,and 68) were chosen as a diverse sample of behaviors to 

evaluate the performance of the model during vessel reflood. These CCTF tests were 

representative of a series of CCTF system gravity reflood tests with certain aspects of refill 

included. Calculations of these tests provide an understanding of key reflood phenomena and 

comparisons of predicted (calculated) and experimental (measured) results for assessment of 

various S-RELAP5 thermal-hydraulic models and their dynamic interactions. Table 4.1 1 

summarizes the key test parameters of the four tests. 
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Table 4.12 shows that S-RELAP5 with an input model built on the current RLBLOCA modeling 

guidelines generates PCT that range from an overprediction by 157 K for the case with the 

worst agreement to an underprediction of the PCT by 17 K for the case with the best 

agreement. 

4.3.1.12.1 Test Run 54 

Test Run 54 simulated the reflood phase of a cold-leg ECC injection PWR LOCA with a nominal 

decay power (i.e., without augmenting American Nuclear Society (ANS) 1971 draft standard 

decay power by 20%), a system pressure of 0.2 MPa, and a low-pressure coolant injection 

(LPCI) flow rate of 0.01 I m3/s. 

The broken-loop hot-leg (BLHL) mass flow rate is in reasonable agreement with the data, but 

the calculated pump-side break mass flow rate, on average, is below the data by about 30%. 

The vessel-side break mass flow rate was not measured. Therefore, It is not possible to use 

vessel-side break mass flow rate comparisons to assess ECC bypass to the break. The good 

agreement between the calculated and the measured steam mass flow rates in the intact-loop 

hot legs (ILHL) indirectly indicates that the appropriate vapor generation rate is calculated in the 

core region. The calculated void fractions in the ILHLs and BLHLs are lower than the voiding 

shown by the data. The calculated void fraction in the intact-loop cold legs (ILCL) after the 

switch of ECC injection from accumulator core coolant (ACC) to LPCl also is lower than the 

measured data. This may be caused, in part, by observed inconsistencies among measured 

loop mass flow rates and poor calibrations of void fraction measurement (the void fraction was 

measured to be below 1 .O in the hot legs during the initial heatup period). Another possible 

cause could be a slight elevation change in the test facility that allowed the liquid to drain back 

into the downcomer resulting in a large data uncertainty for a small liquid fraction (below 5%) 

and stratified flow conditions. Therefore, no conclusion can be drawn about entrainment and 

deentrainment from the comparison of loop void fractions. In the cold-leg ACC injection period, 

the calculated void fraction in the ILCL agrees well with the data, indicating that the appropriate 

condensation rate is calculated in the cold leg under the accumulator ECC injection conditions. 

Both the calculations and data show no asymmetrical or multidimensional effects of downcomer 

ECC penetration, mainly because no back steam flow occurs from the core to the downcomer. 

The lack of upward steam flow in the downcomer also precludes the issue of scaling on the 

downcomer ECC penetration behavior. The calculated downcomer differential pressure agrees 
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reasonably well with the data particularly during the accumulator injection period. Except for a 

short period of slightly lower calculated values after the switch from ACC injection to LPCl and 

slightly lower predictions later in the reflood period, the calculated core differential pressure is in 

good agreement with the data, indicating that the overall liquid inventory in the core is calculated 

properly. Another important parameter for the reflood process is the steam temperature in the 

core. Unfortunately, the steam temperature instrumentation did not correctly measure the 

superheated steam temperature in a steam-water mixture environment. 

The heater-rod temperature histories are conservatively calculated, particularly for the high 

power rod bundles. At elevations above the mid-plane of the high-power rod bundles, the 

calculated temperature rise is somewhat higher and the calculated temperature rise period is 

longer, partly because of the over- and undercooling calculated for the accumulator ECC 

injection. The over- and undercooling sequence is partly attributable to the sudden and large 

system depressurization caused by the strong condensation associated with the ACC injection. 

The calculated PCT is 1147 K (1605 F) at 2.44 m elevation at approximately 257 seconds, 

compared to the measured PCT of 11 13 K (1 544 F) at 1.83 m at 130 seconds. The higher 

value of PCT at a higher elevation and later time is consistent with the general hydrodynamic 

behavior calculated by S-RELAPS. Figure 4.1 29 compares calculated versus measured 

maximum temperatures with core elevation for CCTF Test 54. 

In summary, the assessment results have shown that the S-RELAP5 code calculates the 

important reflood phenomena occurring in the CCTF Reflood Test Run 54 well (reasonable or 

better agreement with data). The assessment demonstrates the successful application of 

S-RELAP5 to PWR LOCA analyses to support the conclusion that S-RELAP5 will produce 

acceptable licensing simulations of reflood behavior during the postulated LOCA of a 

cold-leg-injection PWR. 

4.3.1.12.2 Test Run 62 

Test Run 62 simulated the reflood phase of a cold-leg ECC injection PWR LOCA with a high 

decay power (i.e., augmenting ANS 1971 draft standard decay power by 20%), a system 

pressure of 0.2 MPa, and an LPCl flow rate of 0.01 1 m3/s. 

The calculated pump-side break mass flow rate again is low by about 30% on average. The 

vessel-side break mass flow rate was not measured. Therefore, using vessel-side break mass 
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flow rate comparisons to assess ECC bypass to the break is not possible. The good agreement 

between the calculated and the measured steam mass flow rates in the ILHLs indirectly 

indicates that the appropriate vapor generation rate is calculated in the core region. The 

calculated void fractions in the ILHLs and BLHLs are lower than the data void fractions. The 

calculated void fraction in the ILCLs after the switch of ECC injection from ACC to LPCl also is 

lower than the measured data. This may be caused, in part, by observed inconsistencies 

among measured loop mass flow rates and poor calibrations of void fraction measurement (the 

void fraction was measured to be below 1 .O in the hot legs during the initial heatup period). 

Another possible cause could be a slight elevation change in the test facility that allows the 

liquid to drain back into the downcomer, resulting in large data uncertainty for small liquid 

fraction (less than 5%) and stratified flow conditions. Therefore no conclusion can be drawn 

about entrainment and deentrainment from the comparison of loop void fractions. In the cold- 

leg ACC injection period, the calculated void fraction in the ILCL agrees well with the data, 

indicating that an appropriate condensation rate is calculated in the cold leg under the 

accumulator ECC injection conditions. 

Both the calculations and data show no asymmetrical or multidimensional effects of downcomer 

ECC penetration, mainly because no back steam flow occurs from the core to the downcomer. 

The lack of upward steam flow in the downcomer also precludes the issue of scaling on the 

downcomer ECC penetration behavior. The calculated downcomer differential pressure agrees 

reasonably well with the data particularly during the accumulator injection period. Except for a 

short period of slightly lower calculated values after the switch from ACC injection to LPCI, the 

calculated core differential pressure is in good agreement with the data, indicating that the 

overall liquid inventory in the core is properly calculated. Another important parameter for the 

reflood process is the steam temperature in the core. Unfortunately, the steam temperature 

instrumentation did not correctly measure the superheated steam temperature in a steam-water 

mixture environment. 

The heater-rod temperature histories are well calculated, particularly for the high-power rod 

bundles. At elevations above the mid-plane of the high-power rod bundles, the calculated 

temperature rise is somewhat higher and the calculated temperature rise period is longer, partly 

because of the over- and undercooling calculated for the accumulator ECC injection. The over- 

and undercooling sequence is partly attributable to the sudden and large system 

depressurization caused by the strong condensation associated with the ACC injection. The 
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calculated PCT is 1241 K (1 774 F) at 2.44 m elevation and 31 7 seconds, compared to the 

measured PCT of 11 32 K (1 578 F) at 2.38 m and 154 seconds. The higher value of PCT at a 

higher elevation and later time is consistent with the general hydrodynamic behavior calculated 

by S-RELAP5. Figure 4.1 30 shows the comparison of calculated versus measured maximum 

temperatures with core elevation for CCTF Test 62. 

In summary, the assessment results have shown that the S-RELAP5 code calculates the 

important reflood phenomena occurring in the CCTF Reflood Test Run 62 with reasonable 

agreement to data. The assessment demonstrates the successful application of S-RELAP5 to 

PWR LOCA analyses to support the conclusion that S-RELAP5 will produce acceptably 

conservative licensing simulations of reflood behavior during the postulated LOCA of a cold-leg 

injection PWR. 

4.3.1 .I 2.3 Test Run 67 Description 

Test Run 67 simulated the reflood phase of a cold-leg ECC injection PWR LOCA with a high 

decay power (i.e., augmenting ANS 1971 draft standard decay power by 20%), a lowered 

system pressure of 0.1 5 MPa, and an LPCl flow rate of 0.01 1 m3/s. 

Again, the calculated pump-side break mass flow rate is low by about 30% compared with the 

data. The vessel-side break mass flow rate was not measured. Therefore, vessel-side break 

mass flow rate comparisons cannot be used to assess ECC bypass to the break. The good 

agreement between the calculated and the measured steam mass flow rates in the ILHLs 

indirectly indicates that the appropriate vapor generation rate is calculated in the core region. 

The calculated void fractions in the ILHLs and BLHLs are lower than the data void fractions. 

The calculated void fraction in the ILCLs after the switch of ECC injection from ACC to LPCl 

also is lower than the measured data. This may be caused, in part, by observed inconsistencies 

among measured loop mass flow rates and poor calibrations of void fraction measurement. The 

void fraction was measured to be below 1 .O in the hot legs during the initial heatup period. This 

resulted in a large data uncertainty for a small liquid fraction (below 5%) and stratified flow 

conditions. Therefore, no conclusion can be drawn about entrainment and deentrainment from 

the comparison of loop void fractions. In the cold-leg ACC injection period, the calculated void 

fraction in the ILCL agrees well with the data, indicating that the appropriate condensation rate 

is calculated in the cold leg under the accumulator ECC injection conditions. 
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Both the calculations and data show no asymmetrical or multidimensional effects of downcomer 

ECC penetration, mainly because no back steam flow occurs from the core to the downcomer. 

The lack of upward steam flow in the downcomer also precludes the issue of scaling on the 

downcomer ECC penetration behavior. The calculated downcomer differential pressure agrees 

reasonably well with the data during the accumulator injection period in particular. Except for a 

short period of slightly lower calculated values after the switch from ACC injection to LPCI, the 

calculated core differential pressure is in good agreement with the data, indicating that the 

overall liquid inventory in the core is properly calculated. Another important parameter for the 

reflood process is the steam temperature in the core. Unfortunately, the steam temperature 

instrumentation did not correctly measure the superheated steam temperature in a steam-water 

mixture environment. 

The heater-rod temperature histories are conservatively calculated, particularly for the high- 

power rod bundles. At elevations above the mid-plane of the high-power rod bundles, the 

calculated temperature rise is much higher and the calculated temperature rise period is longer, 

partly because of the over- and undercooling calculated for the accumulator ECC injection. The 

over- and undercooling sequence is partly attributable to the sudden and large system 

depressurization caused by the strong condensation associated with the ACC injection. The 

calculated PCT is 1300 K (1880 F) at 2.44 m elevation and 304 seconds, compared to the 

measured PCT of 1143 K (1598 F) at 1.83 m and 164 seconds. The higher value of PCT at a 

higher elevation and later time is consistent with the general hydrodynamic behavior calculated 

by S-RELAPS. Figure 4.1 31 compares calculated versus measured maximum temperatures 

with core elevation for CCTF Test 67. 

In summary, the assessment results have shown that the S-RELAP5 code calculates the 

important reflood phenomena occurring in the CCTF Reflood Test Run 67 acceptably well. The 

assessment demonstrates the successful application of S-RELAP5 to PWR LOCA analyses to 

support the conclusion that S-RELAP5 will produce acceptable licensing simulations of reflood 

behavior during the postulated LOCA of a cold-leg injection PWR. 

4.1.3.12.4 Test Run 68 

Test Run 68 simulated the reflood phase of a cold-leg ECC-injection PWR LOCA with a nominal 

decay power (without augmenting the ANS 1971 draft standard decay power by 20%), a system 

pressure of 0.2 MPa, and an increased LPCl flow rate of 0.025 m3/s. 
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Both the calculated pump-side break mass flow rate and the calculated BLHL mass flow rate 

are in good agreement with the data, however the measured results are suspect because they 

show relatively large negative flow rates during the initial heat-up (refill) phase. The vessel-side 

break mass flow rate was not measured. Therefore, vessel-side break mass flow rate 

comparisons cannot be used to assess ECC bypass to the break. The good agreement 

between the calculated and the measured steam mass flow rates in the ILHLs indirectly 

indicates that the appropriate vapor generation rate is calculated in the core region. The 

calculated void fractions in the ILHLs and BLHLs are lower than the data void fractions. The 

calculated void fraction in the ILCLs after the switch of ECC injection from ACC to LPCl also is 

lower than the measured data. This may be caused, in part, by observed inconsistencies 

among measured loop mass flow rates and poor calibrations of void fraction measurement. The 

void fraction was measured to be below 1 .O in the hot legs during the initial heatup period. This 

resulted in a large data uncertainty for a small liquid fraction (below 5%) and stratified flow 

conditions. Therefore, no conclusion can be drawn about entrainment and deentrainment from 

the comparison of loop void fractions. In the cold-leg ACC injection period, the calculated void 

fraction in the ILCL agrees well with the data, indicating that an appropriate condensation rate is 

calculated in the cold leg under the accumulator ECC injection conditions. 

Both the calculations and data show no asymmetrical or multidimensional effects of downcomer 

ECC penetration, mainly because no back steam flow occurs from the core to the downcomer. 

The lack of upward steam flow in the downcomer also precludes the issue of scaling on the 

downcomer ECC penetration behavior. The calculated downcomer differential pressure agrees 

reasonably well, s 12% lower than the data shows. The calculated core differential pressure is 

in good agreement with the data providing an indication that overall liquid inventory in the core 

is properly calculated. Another important parameter for the reflood process is the steam 

temperature in the core. Unfortunately, the steam temperature instrumentation did not correctly 

measure the superheated steam temperature in a steam-water mixture environment. 

The heater-rod temperature histories are in excellent agreement, particularly for the high-power 

rod bundles. At elevations above the mid-plane of the high-power rod bundles, the calculated 

temperature rise is somewhat lower and the calculated temperature rise period is generally 

longer, partly because of the over- and undercooling calculated for the accumulator ECC 

injection. The over- and undercooling sequence is partly attributable to the sudden and large 

system depressurization caused by the strong condensation associated with the ACC injection. 
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The calculated PCT is 1 105 K (1 529 F) at 2.44 m elevation and 210 seconds, compared to the 

measured PCT of 1122 K (1 560 F) at 1.83 m and 164 seconds. The higher value of PCT at a 

higher elevation and later time is consistent with the general hydrodynamic behavior calculated 

by S-RELAP5. Figure 4.1 32 compares the calculated versus measured maximum temperatures 

with core elevation for CCTF Test 68. 

In summary, the assessment results have shown that the S-RELAP5 code calculates the 

important reflood phenomena occurring in the CCTF Reflood Test Run 68 with reasonable 

agreement to data. The assessment demonstrates the successful application of S-RELAP5 to 

PWR LOCA analyses to support the conclusion that S-RELAP5 will produce acceptable 

licensing simulations of reflood behavior during the postulated LOCA of a cold leg injection 

PWR. 

4.3.1 . I3  SCTF Tests 

The Slab Core Test Facility (SCTF) Core-ll Test Series was undertaken in part to obtain 

information that could be used to assess thermal hydraulic models in best estimate, evaluation 

models and other computer codes. The intent for these assessments was to use the SCTF-II 

test series to assess the accuracy of the S-RELAP5 computer code. Six tests from the series of 

19 were chosen as a diverse sample of behaviors to evaluate the performance of the model 

during vessel reflood phenomena. The present study has two objectives: to assess the code's 

capability of simulating both forced and gravity reflood transients and to study the effect of radial 

nodalization on reflood behavior. Details of the SCTF assessment calculations are presented in 

Section 3.1 1 of Reference 5. 

The SCTF test program is designed to investigate the two-dimensional (2D) thermal-hydraulic 

behaviors in the pressure vessel during the reflood phase of a PWR LBLOCA. To meet this 

objective, SCTF simulates a full-radius slab section of a PWR with eight bundles arranged in a 

row. The heating power for each bundle can be controlled independently. 

In the SCTF test, the following two test modes were adopted: gravity feed with the ECC 

injection into the cold leg, and forced feed with ECC injection into the lower plenum by closing 

the bottom of the downcomer. Although the first mode is considered to be a better simulation of 

integral reactor behavior, the boundary conditions at the core inlet (mass flow rate and 

subcooling) are affected by parameter changes (change of system pressure and core heating, 

etc.). Therefore, to investigate the effect of the parameter changes on the 2D thermal-hydraulic 
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behaviors in the pressure vessel, the forced feed test mode was adopted to obtain more 

accurate boundary conditions at the core inlet. 

The tests that were modeled in the calculation assessments were two "gravity reflood" tests 

(Tests S2-SH1 and S2-ACI) and four "forced reflood" tests (Tests S2-10, S2-11, S2-17, and 

S2-18). The S2-SH1 test is the SCTF-I1 gravity-reflood base-case test. During Test S2-SHI, 

the downcomer was not blocked from the lower plenum (i.e., hydraulic communication existed 

between the lower plenum and the downcomer). A combination of lower plenum injection and 

cold leg injection was used in Test S2-SHI. Test S2-AC1 differs from Test S2-SH1 in the ACC 

injection rate and duration. 

The S2-10 test is the SCTF-I1 forced-reflood base case. In Test S2-10, ECC was injected into 

the lower plenum only, with no hydraulic communication between the lower plenum and the 

downcomer. The ECC injection rate was specified to match the core inlet flow rate achieved in 

the gravity feed test S2-SHI. Test S2-11 differs from S2-10 in that a high ACC flow rate was 

used to simulate test S2-ACI. 

Test S2-17 and S2-18 are also forced reflood tests with the primary difference being in the 

radial power distribution. Test S2-17 has a flat power profile and Test S2-18 has a steep power 

profile with test conditions similar to a standard plant. The S2-18 test has a power profile that is 

consistent with the RLBLOCA methodology NPP nodalization (Reference 12). The assessment 

of these two tests with their widely different radial power distributions provide a good test for the 

S-RELAP5 code and NPP nodalization. 

Table 4.13 shows the test conditions for each of the tests examined. The six SCTF Core-I1 

reflood experiment tests were selected to assess forced reflood, gravity reflood, and the effect 

of radial nodalization. The assessment matrix is summarized as follows: 

0 Forced vs. Gravitv Reflood (Phase I). In this assessment phase, two sets of counterpart 
tests were chosen to study the differences between forced and gravity reflood. The first 
set is consists of Tests S2-11 and S2-AC1 and the second set consists of Tests S2-10 
and S2-SHI. A nominal nodalization of two bundles per core channel was modeled for 
this study. 

chosen to study the effect of radial nodalization on reflood behavior. These tests are 
S2-18 and S2-17. Three different nodalizations were used: the nominal nodalization, a 
fine-nodalization of one bundle per channel, and a plant-consistent nodalization 
(Reference 12). 

0 Effect of Radial Nodalization (Phase 11). In this assessment phase, two tests were 
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Phase I Assessment Results: Forced vs. Gravitv Reflood. 

This phase studies the comparison between forced and gravity reflood for the same test 

conditions. The pair S2-11 and S2-AC1, the flooding rate is about 17.4 cm/s during ACC 

reflood and 1.6 cm/s during LPCl reflood and represent the highest combined injection rate in 

the SCTF-I1 test matrix. For Test S2-11, the calculated responses show reasonable agreement 

with the data except at the top elevations. At the two topmost elevations, the data show 

prolonged heat up when the calculation predicted quenching. The vessel pressure agreement 

is reasonable. The pressure in the vessel increases at the point of ECC injection because of 

steam generation. The extent of pressurization depends on the rate of steam venting through 

the hot leg. The vessel void fraction calculated results exhibit large oscillations, typical of 

reflood simulation. The average behavior follows the data trend. 

For Test S2-AC1, the agreement between calculation and data is better than that observed in 

Test S2-11. In particular, the quench time along the heated length is better predicted at all 

elevations shown. The cladding temperature prediction at the two uppermost elevations also is 

better than for S2-11. However, the peak vessel pressure was overpredicted. 

For S2-10 and S2-SH1, the flooding rate is about 3.7 cm/s during ACC reflood and 1.8 cm/s 

during LPCl reflood. These tests represent the lowest combined injection rate in the SCTF-II 

test matrix. The calculation is in reasonable agreement with the data for both tests. 

The comparison of calculated and measured PCT and quench time for the Phase I 
assessments are presented in Table 4.14. The quench time was predicted to occur earlier than 

the data for both the high and low flooding rate tests. Thus, the quench front was predicted to 

advance faster than the data for these tests. For test S2-10, the PCT was overpredicted and for 

S2-SH1, the PCT was underpredicted. Conversely the time of PCT was overpredicted in S2-10 

and underpredicted in S2-SH1. 

In summary, the Phase I assessments show that S-REALP5 can simulate both forced and 

gravity reflood transients. The PCT for counterpart tests, S2-11 and S2-AC1 and Tests S2-10 

and S2-SHI, have good agreement with data. For high and low flooding rates, the PCT was 

predicted within 55 F or less (good agreement with data). 
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Phase II Assessment Results: Effect of Radial Nodalization 

This phase studies the effect of radial nodalization on the reflood behavior during a postulated 

LBLOCA incident. Tests S2-17 and S2-18 were selected for this study. The ACC flooding rate 

for Test S2-17 is about half of that for Test S2-18, while the LPCl flooding rates are about the 

same for both tests. The major difference between these two tests is in the core power 

distribution. Test S2-17 has uniform power across the core (all at 890 kW). Test S2-18 has a 

significant radial power distribution, with the peak bundle power (1210 kW) about twice as much 

as the peripheral bundle power (676 kW). The total power level for the two tests is almost the 

same (7120 kW for S2-17 versus 71 18 kW for S2-18). The distribution of radial power renders 

these two tests ideal for studying core radial nodalization. 

1 

The input models for the individual nodalization and the plant-consistent nodalization were 

developed from the base model having the nominal nodalization. Three primary modifications 

are required: 

1 

1 
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1 
Figures 4.1 33 and 4.1 34 show typical measured temperature transients near the core midplane 

for SCTF tests 17 and 18, respectively. These figures also compare the calculated temperature 

transients for the individual assembly and plant consistent nodalizations. These and 

comparisons of temperature transients at other elevations for both tests show that the 

differences in radial nodalization have minimal impact on the cladding temperature results 

(Reference 5). In particular, the fluid conditions seen by the "hot" rod must be similar to 

produce the similar cladding temperature responses. 

Table 4.15 summarizes the Phase II assessment results for the calculation with the highest PCT 

from the nodalization studies. For Test S2-17 the highest PCT is for the individual assembly 

nodalization and for Test S2-18 it is the RLBLOCA plant consistent nodalization. For both tests 

the PCT and bundle quench time is underpredicted relative to the data. However, the time of 

PCT is underpredicted for Test S2-17 and overpredicted for Test S2-18. 

These results confirm that the use of the plant nodalization scheme is adequate to capture the 

PCT response. [ 

1 

4.3.1.14 ACHILLES Tests 

International Standard Problem Number 25 (ISP 25) is based on a test in the ACHILLES facility 

that simulated the latter phase of accumulator injection during a LOCA. ISP 25 tests the ability 

of system codes to be evaluated for the impact of the nitrogen cover gas in the accumulator on 

the LBLOCA. The accumulators in a PWR are pressurized with nitrogen. When the system 

pressure falls below the nitrogen pressure, the borated water from the accumulator flows into 

the primary system. When the accumulators empty of liquid, the nitrogen cover gas enters the 

primary coolant system where it flows to the upper part of the downcomer and causes the 

pressure to increase. The increased pressure depresses the liquid level in the downcomer, 

resulting in a surge of water into the core. The nitrogen gas bypasses the core and flows out 

through the break, and in a few seconds the upper downcomer pressure drops, the downcomer 

level recovers, and the nitrogen has no further effect on the transient. 
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The difference between a pressurization surge caused by steam and one caused by nitrogen is 

that the nitrogen does not condense. Thus, the nitrogen can act like a large piston pushing the 

fluid into the core. For the realistic LBLOCA methodology, it is important that the code does not 

overpredict the surge into the core and the transient cooling caused by this in-surge, thereby 

leading to an underprediction of PCT. The ability of S-RELAP5 to predict both system and fuel 

temperature responses was confirmed by comparing the calculated values to the 

measurements. 

The ACHILLES test facility is designed to simulate the latter stages of accumulator injection in 

an LBLOCA. The simulated downcomer is connected to the bottom of the core and a valve is 

closed, before nitrogen injection begins, to hold the water in the downcomer until injection 

occurs. Another valve is open before injection begins and provides a flow path for the pumped 

water so that it does not enter the core. This valve closes on initiation of nitrogen injection. The 

simulated core has 69 simulated fuel rods with a geometry similar to that of a W 17 x 17 design. 

The simulation core has 8 spacer grids. The rods are housed in a piece of pipe. The exit region 

has a centrifugal separator to collect carryover water. The steam then joins the nitrogen bypass 

flow and exits. 

The nitrogen tank is connected to the top of the simulated downcomer, and a valve, which is 

initially closed, opens to initiate the nitrogen flow. Nitrogen forces flow through the core by 

increasing the pressure on the downcomer. Nitrogen also flows through a bypass path to join 

the steam that has passed through the core, then it exits. A flowmeter measures the nitrogen 

flow from the tank and another flowmeter measures the bypass flow. 

Each simulated fuel rod has multiple thermocouples on the surface of the rod. The PCT level 

(2.13 m) is the most heavily instrumented, with 66 thermocouples. 

Achilles ISP 25 was analyzed using S-RELAP5 modeling consistent with the realistic LBLOCA 

methodology. S-RELAP5 was able to accurately predict the liquid surge into the core, liquid 

carryover to the upper plenum, and rod thermocouple readings. In particular, the surge into the 

core when the nitrogen flow is initiated is never overpredicted. 

Predicted PCTs are good to excellent, which clearly is an acceptable outcome in light of the 

radial flow inhomogeneities observed in the Achilles test. 
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As the appropriate valves are operated to initiate the event, an immediate pressure transient 

occurs at the top of the downcomer. The initial pressurization of the downcomer causes a rapid 

surge of liquid into the simulated core. As the nitrogen leaves the system via the bypass, the 

pressure drops at the top of the downcomer, the levels in the core and downcomer recover, and 

the core reflooding now depends on the pumped water flow, which is entering both the 

downcomer and the core. 

Figure 4.1 35 presents the range of variation in the thermocouples at the PCT elevation 

(2.1 3 m). The wide variation shown is not a consequence of power variation because the rods 

all are the same power. Three rods set the lower bound and all three of these rods are located 

next to the shroud in the test assembly. The early quench indicates that the flow field near the 

shroud is far different from that in the interior. 

The remaining rods can be divided into a group that tracks the maximum fairly well and a group 

that falls well below the maximum, but not as dramatically as the three rods setting the lower 

limit. Thus, the test data shows that to get a reasonable prediction of core temperatures 

requires a multidimensional analysis. 

The radial inhomogeneity is greater than would be experienced in a large-scale reactor core 

because the flow path on the periphery has hydraulic properties that are significantly different 

from the interior flow paths. While a reactor core is anisotropic and inhomogeneous, it does not 

have the range of variations this test assembly has. Thus, predicting the reflood behavior for 

this test assembly is significantly more challenging than for a PWR core. 

For the S-RELAP5 assessments, the central 21 rods in the test assembly were modeled as one 

channel and the remaining 48 rods and the shroud were modeled as the other channel using 

the TWODEE component. The comparisons to data were made by comparing the predictions 

for the central channel with the measured values for the same 21 rods. 

Calculated nitrogen flow rate was compared to measured results. The agreement is excellent 

until frost forms in the throat of the venturi at about 7 seconds (Reference 5). The time-to-empty 

agrees to within about 2 seconds. The calculated flow spikes a little early compared to the 

measured flow and then is slightly lower for the remainder of the blowdown. 
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The calculated liquid carryover at the core exit was compared to the measured carryover. The 

agreement with data is good, with the major discrepancy coming from the measured burst of 

flow at 20 to 50 seconds and the subsequent cessation of all liquid flow at the exit for nearly 

50 seconds. Nothing in the thermocouple data distinguishes this time period. 

The steaming rate at the core exit shows good agreement between the calculations and the 

measured data. 

The downcomer level measurements generally are higher than the calculated results, indicating 

that the pressure drop through the core and the two sets of separators probably is higher than is 

modeled. No attempt was made to match this level because the core collapsed level, which is 

not very sensitive to pressure drop variations, matches quite well. 

Calculated temperatures for the central region were compared to measured temperatures for 

the 21 rods in the middle of the assembly. The maximum, minimum, and average temperatures 

were compared with the calculated temperature for elevations from 1.08 m to 3.18 m. The 

calculated values are generally in good agreement with the measured values. The PCT 

elevation is 2.13 m and, at this elevation, the calculated PCT is about 30 K lower than the 

measured values. At all other elevations, the calculated peak temperature exceeds the 

measured values. 

The impact of the nitrogen injection, which is the focus of this assessment, can be seen in the 

first 25 seconds of the transient. Figures 4.136 to 4.141 show the temperature comparisons on 

expanded time and temperature scales to emphasize the nitrogen effects. The rod 

thermocouples all show a transient temperature reduction at the beginning of the event. This 

initial cool-down is caused by the nitrogen in-surge that initiates the event. S-RELAP5 

calculates a conservatively small cool-down compared to the data. In all cases, the calculated 

downward temperature transient accompanying the nitrogen injection is smaller than the 

measured temperature decrease, indicating that S-RELAP5 underpredicts the cool-down due to 

the nitrogen injection. 

4.3.1 . I5  Multi-Dimensional Flow Testing 

Flow blockage tests were performed using simulated pressurized water reactor (PWR) fuel 

assemblies (Reference 5). These tests provided data on single-phase flow redistribution for 

non-uniform inlet and outlet conditions. S-RELAP5 has a two-dimensional component used to 
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model multidimensional flows. These flow blockage tests have been used as a basis for 

evaluating the two-dimensional component in S-RELAPS. The comparisons to the measured 

data and to other codes that have been approved for flow distribution calculations show that the 

two-dimensional component in S-RELAP5 can be used to model multidimensional flow 

problems. 

The S-RELAP5 assessment of these tests are presented in detail in Section 3.1 3 of 

Reference 5. No bias or uncertainty is derived from this assessment. 

4.3.1 .I 5.1 Summary 

The radial flow split distributions of axial velocities calculated by S-RELAP5 show good 

agreement with data for all three tests considered. The comparison of S-RELAP5 with flow 

blockage data shows that the two-dimensional model in S-RELAP5 is sufficient to describe flow 

redistribution in multidimensional problems, and that it does as well as thermal-hydraulic design 

codes used for PWR core analysis in predicting the flows for these blockage tests 

(Reference 5). 

4.3.1 .I 5.2 Test Descriptions 

The test assembly consists of two simulated PWR assemblies with a pin array representative of 

a 15 x 15 fuel assembly. The simulated assemblies are about 38 in long and are enclosed in a 

rectangular canister. For the bulk of the testing, the gap between the two simulated fuel 

assemblies was left open, but for some tests a perforated plate was inserted between the two 

simulated fuel assemblies. Because of the detail of the measurements and the nearly prototypic 

geometry (in the radial, or x-y, direction), these tests have become a standard benchmark test 

for flow redistribution codes. 

The tests consisted of introducing asymmetric flow in the inlet region and measuring flow 

recovery in the bundle with a series of pitot tube arrays. The pitot tubes measure flow velocities 

at many points in each plane. The first array is 2.5 in above the inlet. The remainder are 

located at 5-in intervals, with the last one at 32.5 in level. 

For the test series without a perforated plate between the two assemblies, two different test 

configurations were evaluated. The first configuration (Test 1) has a nominal 1100 gpm 

entering one fuel assembly and 550 gpm in the other. The second configuration (Test 2) has 
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one inlet blocked and a nominal 1500 gpm entering the other. In both cases, the exits are open. 

The case with the perforated plate inserted between the two assemblies (Test 3) has the inlet 

and outlet blocked on one assembly and has a nominal inlet flow of 1300 gpm. 

4.3.1 . I 5 3  Input Description 

The test section was modeled in S-RELAP5 as a TWODEE component with 10 vertical (x) 

volumes and 14 horizontal (y) volumes. This, in effect, collapses the test assembly in the 

direction perpendicular to the asymmetric flows. Selection of 14 horizontal volumes resulted in 

volumes that corresponded to the pitot tube measurements. The vertical volumes had lengths 

that made the first volume match the bottom of the rodded region (4.5 in) and each of the others 

matches the elevation of a velocity measurement point (pitot tube location). 

4.3.1.15.4 Results 

A review of the data for Test 1 indicates that the real flows were probably 1138 gpm and 

512 gpm for Bundles A and B, respectively. Figure 4.142 provides a comparison of the 

measured and calculated flow distributions at the last set of pitot tubes. The reported axial fluid 

velocities were calculated by S-RELAP5 with inlet flows of 1 138 and 51 2 gpm. The measured 

velocities are almost all higher than the S-RELAP5 velocities at this level. Figure 4.143 

compares the reported mass flow fraction in the high flow bundle, Bundle A, with that calculated 

by S-RELAP5. 

A review of the data for Test 2 indicates the real inlet flow was probably 1281 gpm, rather than 

the nominal 1500 gpm for the test. This value was used in the S-RELAP5 model. Figure 4.144 

compares the S-RELAP5 velocity distributions with the reported axial fluid velocities at the last 

set of pitot tubes. In general, the agreement is excellent. The largest discrepancy occurs on 

the side of the blocked bundle next to the wall. Here, S-RELAP5 calculates more of a tendency 

to back flow. The measurement velocities, which are based on pitot tube readings, show that 

the flow stops near the wall. 

Figure 4.145 compares the fractional flow in the unblocked bundle, Bundle A. The agreement is 

good over most of the axial height of the bundle. Near the exit, the measured flow was nearly 

equal for the two bundles. The calculated flow distribution is still about 60/40 for S-RELAP5. 

The overall agreement is good. 
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Figure 4.146 compares the reported axial fluid velocities for Test 3 to those calculated by 

S-RELAP5. The agreement for these data is excellent for this and all levels. The most notable 

difference is the tendency of S-RELAP5 to predict reverse flow near the wall in the blocked 

assembly, very similar to the result in Test 2. 

To assess the quality of the comparison to data, the XCOBRA-IIIC and THINC-IV flow 

predictions for Tests 1 and 2 were compared to the S-RELAP5 flow predictions. Figure 4.145 

compares the S-RELAP5 calculations with the XCOBRA-IIIC calculations, the THINC-IV 

calculations, and the data for Test 1. The flow distribution calculated by S-RELAP5 is clearly in 

the best agreement with the data. 

4.3.1.1 5.5 Conclusions 

A series of flow blockage tests was analyzed using the two-dimensional component in 

S-RELAP5. S-RELAP5 was able to calculate the axial flow redistribution within the two test 

assemblies. Overall, S-RELAP5 does as well as, or better than, core flow distribution codes 

used for core flow and subchannel analysis of PWR cores. Calculated results were generally in 

reasonable agreement with the data. 

4.3.2 Integral Effects Tests (IET) 

The SETs presented in Section 4.3.1 assess the code capability and provide information to 

quantify the uncertainty to predict specific phenomena identified by the PIRT. In addition to the 

SETs, assessments are performed of integral effects tests (IET) to evaluate the overall code 

capabilities to predict the integrated LOCA scenario and the interacting phenomena in facilities 

of differing scale. Some of the facilities discussed with the SETs, such as SCTF, CCTF, and 

UPTF are large scale and include integral interacting-phenomena effects. However, these tests 

are still limited in that only a portion of the LOCA scenario is addressed. For this reason, 

FRA-ANP regarded these as separate effects tests. 

Integral tests covering the entire LBLOCA scenario have been performed in the loss-of-fluid test 

(LOFT) facility, and the smaller scale Semiscale test facility. FRA-ANP has performed 

assessments of tests from both of these facilities. These assessments are reported in detail in 

Reference 5 and are summarized in the following sections. 
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4.3.2.1 LOFT Assessments 

Assessments of the LOFT Tests L2-3, L2-5, LP-02-6, and LP-LB-1 were performed to justify the 

use of FRA-ANP's Realistic LBLOCA methodology and the S-RELAP5 code developed by 

FRA-ANP for realistic analysis of LBLOCA. This section of the methodology report documents 

the LOFT assessment calculations with the FRA-ANP RLBLOCA methodology. The 

assessment results demonstrates the accuracy of the RODEX3A and S-RELAP5 codes and the 

capability of simulating the LBLOCA phenomena observed during the LOFT tests, and provide 

assessments of the calculated results versus measured results to satisfy the rule change 

requirements. 

4.3.2.1.1 LOFT Facility 

The LOFT facility was designed to simulate a LOCA in a large W 4-loop PWR, and thus, to 

provide data with which to evaluate the adequacy and to improve analytical methods for 

analyzing LOCA transient response of a PWR. The LOFT results have been widely used to 

validate thermal-hydraulic codes that analyze PWR accident and transient phenomena. Key 

LOFT LBLOCA tests have been included in the CSAU assessment matrix (Reference 4) and 

RELAPSMOD3 developmental assessment matrix. LOFT assessments have also been 

performed to verify RELAP51MOD2 or MOD3 by various members of the NRC-sponsored 

International Code Assessment Program (ICAP). 

LOFT was an NRC-sponsored nuclear test facility designed to simulate the nuclear and thermal- 

hydraulic phenomena that take place in a PWR LBLOCA. The LOFT facility was a 50 MWt 

experimental PWR designed to simulate the system response of a W 4-loop PWR during a 

hypothetical LBLOCA. The facility included five major subsystems, an intact loop, a broken 

loop, a reactor vessel, an emergency core cooling system, and a blowdown suppression 

system. The LOFT facility was instrumented so that system parameters could be measured 

during the tests. 

The LOFT reactor had a single active intact loop that simulated the combined three intact loops 

of a W 4-loop PWR. The intact loops included an active steam generator, two primary coolant 

pumps (PCP) in parallel, a pressurizer, a loop seal, and the connecting piping. 

The broken loop in the LOFT facility was an inactive flow loop during normal operation. The 

loop consisted of a hot leg, a steam generator simulator, a pump simulator, and a cold leg. It 
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became an active flow loop and simulated the broken loop of a 4-loop PWR during LOCA tests. 

The BLCL was divided into two parts: a pump side, that connected the pump simulator to the 

blowdown suppression system and the vessel side that connected the vessel downcomer to the 

blowdown suppression system. The steam generator and pump simulators provided flow 

resistances representative of a PWR during a LOCA. Both sides of the broken cold legs 

contained quick-opening blowdown valves (QOBV) that opened to initiate the transient. 

The LOFT reactor vessel had an annular downcomer, a lower plenum, below core hardware, a 

nuclear core, above core hardware, and an upper plenum. The downcomer was connected to 

the intact and broken cold legs and the upper plenum was connected to the hot legs. The core 

contained 1300 fuel rods arranged in five square (1 5 x 15) and four triangular (corner) 

assemblies with an average linear heat generation rate (LHGR) of about 7.0 kW/ft at full power. 

The LOFT fuel rods and pitch were typical of a PWR 15 x 15 rod array, except that the active 

length was 1.68 m (5.5 ft) while that of a PWR is typically 3.66 m (12 ft). For Test LP-02-6, all 

the fuel rods in the central assembly except the outside row were pressurized with helium to 

2.51 MPa (350 psig) and all fuel rods in the peripheral assemblies were unpressurized. In 

remaining tests, L2-3, L2-5, and LP-LB-1, all of the fuel rods were unpressurized. 

The LOFT intact loop had two separate ECCSs connected to the cold leg. Each system 

contained an accumulator, an HPIS, and an LPIS. Only one ECCS was used during a LOCA 

test and the other was used as backup for plant protection in case of unplanned emergency 

situations that might occur during the test. The ECCS was not connected to the broken loop. 

For the LBLOCA tests, ECC was injected into the ILCL. The HPIS and LPlS were connected to 

the accumulator injection piping. The LOFT blowdown suppression system consisted of a 

header and a suppression tank that simulated the PWR containment pressure and temperature 

environment expected to occur during an LBLOCA. 

LOFT was designed with a primary system volume-to-core power ratio similar to that of a PWR. 

The design objective for the LOFT facility was to produce, on a reduced scale, the significant 

thermal hydraulic phenomena with representative conditions and a representative sequence of 
events that could occur in a PWR during postulated LOCAs. Volumetric scaling generally was 

used for the design of LOFT components. Primary system components (e.g., lower plenum, 

core region, upper plenum, outlet piping, steam generator, and inlet piping) also were designed 

with relative volumes equivalent to those in a PWR. LOFT is a reduced-scale facility that is not 
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uniformly scaled by a consistent scaling criteria. Therefore, scaling distortions exist that must 

be considered when applying the results of the LOFT tests. Table 4.16 shows the PWR-LOFT 

scaling ratios to a PWR. 

The accumulator gas volume is scaled so that the ratio of accumulator gas volume to 

accumulator liquid volume injected is made equal to that of a typical 4-loop PWR by adjusting 

the standpipe height. The LOFT accumulator liquid volume is scaled to represent three of the 

four accumulators of a typical 4-loop PWR, assuming that the liquid in the fourth accumulator is 

lost out of the break. The LOFT HPlS flow rate for the LB tests is volume-ratio scaled using the 

ratio of the LOFT to PWR total primary system fluid volume plus the single failure criterion and 

the assumption that flow from one of four lines of injection is lost out of the break. The LPlS 

flow rate is scaled based on the combined downcomer and core flow areas. The single failure 

criterion and the assumption that flow from one of four injection lines is lost out of the break are 

also used for LPlS scaling. 

The major differences between the LOFT and a 4-loop PWR are summarized as follows: 

0 The LOFT has one active operating (intact) loop and a passive blowdown (broken) loop with 
only a steam generator and pump simulator, while a 4-loop PWR has four operating loops. 

The LOFT has two pumps connected in parallel in the operating loop, while a PWR has only 
a single pump in each loop. 

The LOFT core has a 1.68 m (5.5 ft) active fuel length, while PWR core lengths are at least 
3.66 m (12 ft). The axial power distribution of the LOFT core is similar to a beginning-of-life, 
bottom-skewed power distribution in a PWR core. 

The LOFT has a short steam generator relative to a PWR. 

0 The LOFT cold leg ECC injection location is very close to the vessel inlet, while the PWR 
ECC injection lines are located near the pump outlet. 

0 Axial lengths and elevations of hydraulic components are not preserved relative to a PWR. 

The LOFT scaling philosophy was to reduce the component coolant volume and flow areas by 

the core power ratio. The volume and power scaling was not achieved completely, and vertical 

scaling was not preserved. Despite these component differences and scaling distortions, the 

LOFT components were functionally similar to those of a PWR and provide sufficient similarity 

to permit the LOCA data to be used to validate the S-RELAP5 code for evaluating the PWR 

LOCNECCS performance. 
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4.3.2.1.2 LOFT Test Descriptions 

Between 1976 and 1985, 50 LOFT tests were performed. The LOFT facility was designed 

primarily for performing LBLOCA tests; however, only five tests, L2-2, L2-3, L2-5, LP-02-6 

(L2-6), and LP-LB-1 (LB-I), were LBLOCA tests with a heated nuclear core. The first three 

LBLOCA tests were sponsored by the NRC and the last two were conducted under the auspices 

of the OECD sponsored by an international consortium. LP-02-6 was conducted under OECD, 

but was totally funded and sponsored by the NRC. Test LP-LB-1 was the only LOFT LBLOCA 

test funded by the OECD consortium. The OECD Test LP-FP-01 also is a LBLOCA test 

simulating a German-type reactor accident scenario resulting in the fuel rod rupture and gap 

fission product release. It was therefore categorized as a fission product test rather than an 

LBLOCA test. Table 4.1 7 shows the characteristics and parameters of the LOFT nuclear 

LBLOCA tests. 

FRA-ANP selected four LOFT LBLOCEs, L2-3, L2-5, LP-02-6, and LP-LB-1 for assessment with 

S-RELAP5. All of the selected LOFT tests simulate cold leg guillotine breaks. The major 

differences between these tests are: L2-3 and L2-5 were initiated from 75% power while 

LP-02-6 and LP-LB-1 were initiated from near 100% full power and the PCP flywheels were not 

attached during the coastdown of Tests L2-5 and LP-LB-1, but were attached when the pump 

speed was above 750 rpm (78.54 rad/s) in Test LP-02-6 and were left running for Test L2-3. 

These LOFT tests have been used to validate the S-RELAP5 code for the blowdown, refill, and 

reflood phases of an LBLOCA. The tests were selected for S-RELAP5 assessment for the 

following reasons. 

0 The test initial and boundary conditions most closely simulate the "design basis accident" 
LOCA conditions for typical W 4-loop PWRs. 

Test L2-3 provides scaling data when compared to Semiscale Test S-06-3. 

0 The LOCA phenomenology for Tests L2-5 and LP-LB-1 are similar to that expected for a W 
3-LOOp PWR, and the LOCA phenomenology for Test LP-02-6 is similar to that expected for 
a 8 4-Loop PWR. 

Test L2-3 was designated as United States Standard Problem 10 for code assessment by 
the NRC. 

0 Test L2-5 was designated as ISP 13 for code assessment by the OECD. 
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Other code assessment calculations of L2-5, LP-02-6, LP-LB-1 are available for 
comparison. 

4.3.2.1.3 LOFT Assessment Summary 

The LOFT assessment calculations were performed with an input model developed to be 

consistent with the nodalization used in other assessments and the nodalization to be applied 

for PWR plant calculations (Reference 12). The philosophy of developing the S-RELAP5 

consistent input models is to use a similar nodalization scheme in terms of number and 

distribution of volumes, junctions, heat structures, and input specifications to represent 

corresponding components in the LOFT and plant models. Exceptions are made only where 

significant LOFT geometry differences justify a different, but consistent scheme. 

Reference 5 contains detailed comparisons of the results of the LOFT L2-3, L2-5, LP-02-6, and 

LP-LB-1 tests with calculated results using the FRA-ANP LOCA realistic evaluation model. The 

LOFT test analytical results demonstrate the ability of S-RELAP5 to realistically simulate the key 

important system phenomena relevant to an LBLOCA that were observed during the unique 

LOFT LBLOCA test. These include: (1) system depressurization, (2) core flow reversal and 

core dry-out, or critical heat flux (CHF), (3) the fuel cladding temperature excursion and peak 

cladding temperature (PCT), (4) two-phase pump flow and critical flows at the breaks, 

(5) prevention of core bottom-up quench during the early blowdown period, (6) ECC downcomer 

penetration and bypass, and (7) core refill, reflood, and final quench. 

As shown by the results presented in Reference 5, the FRA-ANP RLBLOCA evaluation model 

produced results in good agreement with the observations for LOFT Tests L2-3, L2-5, LP-02-6, 

LP-LB-1. The results are summarized as follows: 

0 The RODEX3A-calculated fuel initial centerline fuel temperatures were within 10% of the 

measured data. 

The S-RELAP5 code results provide good agreement with the hydraulic responses of the 

LOFT tests. That is, the calculated results either were within measured uncertainties, 

followed the major trends of the data if not within measured uncertainties, or were 

conservative with respect to the data if the phenomena were not simulated. The intact loop 

mass flow rates, break flow in the broken loop, and loop volume densities were all well- 

calculated. Coolant temperatures also were well calculated. Pressurizer draining was 

overpredicted, but because the pressurizer liquid tended to flow to the broken loop and was 
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removed from the system, that trend produced conservative results. Calculated pump 

speeds were accurately predicted up to the time where a two-phase mixture appeared. 

After that time, the pump speeds were lower than measured and, thus, acceptable. 

0 The code accurately calculated the thermal response (fuel centerline temperature and 

cladding temperature). The centerline temperatures closely match the data. The cladding 

temperature results generally were in reasonable agreement with the measured data. The 

hot rod PCT is very well calculated, considering test measurement uncertainty. The 

cladding quench times are significantly delayed with respect to the measured data. The 

early bottom-up core quenching found in Tests L2-3 and LP-02-6 were not simulated in the 

code calculations. The upper regions of the core showed delayed dry-out with respect to 

the test data. However, once the upper regions went through dry-out, the calculated rewet 

was much later than measured. In general, the code predicted higher than measured 

temperatures in the middle core region, lower than measured temperatures in the upper 

core region, and approximately measured temperatures in the lower region. In all cases, the 

calculated PCT was either within or greater than the measured PCT with analytical 

uncertainties included. 

0 The calculated ECC injection rates for the low pressure injection system (LPIS) and 

accumulator tended to underpredict the measured data and, hence, are acceptable. 

4.3.2.1.4 LOFT L2-3 Assessment 

Test L2-3 was the second LBLOCA test conducted in the LOFT facility in which the reactor core 

power provided the primary heat source. The test represented a hypothetical cold leg guillotine 

break that simulated a double-ended, offset, shear break in a commercial (1000 MWe) 4-loop 

PWR. The test was initiated at 75% thermal power (36 MWt) and a 12.22 kW/ft maximum linear 

heat generator rate (MLHGR). 

The test was initiated by opening the QOBVs. Reactor scram commenced 0.1 seconds into the 

transient and was completed 1.6 seconds later, HPlS injection was initiated at 14 seconds, 

accumulator injection at 17 seconds at 4.18 MPa system pressure, and LPIS injection at 

29 seconds. The core was reflooded at 55 seconds. During this test, the primary coolant 

pumps (PCP) operated continuously throughout the transient and were tripped off at 200 

seconds. 
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The cladding temperature started rising as expected and, after 2 to 3 seconds into the transient, 

the ILCL mass flow exceeded the broken loop mass flow, causing flow diversion to the 

downcomer. That process eventually caused a bottom-up rewet of the core and the cladding 

was quenched momentarily. The conditions for core upflow quickly ceased and the core dry-out 

and heat-up resumed 10 seconds into the blowdown. The core heat-up continued until 

sufficient ECC injection caused quenching of the core at 55 seconds. The final rewet pattern 

was first the bottom, then the top, and finally the middle regions of the core. 

The measured PCT was 914.0 K (1 185.0 F) and occurred at 5 seconds. As indicated in 

Reference 5, a bias of 11.4 K k 16.2 K (20.5 F f29.2 F) should be applied to the measured PCT 

to account for the 'fin cooling' effects on the surface mounted thermocouples. Thus the 

reportable PCT for LOFT L2-3 is 941.6 K (1 235.2 F). 

The S-RELAP5 LOFT input model for FRA-ANP assessments was developed at FRA-ANP. 

This model provides detailed thermal and hydraulic representations of all the major LOFT 

system components. It results from developing an LBLOCA analysis input model that is 

consistent with the nodalization scheme used in all assessment and PWR LBLOCA plant 

calculations (Reference 12). 

The computer codes used to perform the LOFT assessment calculations were RODEX3A and 

S-RELAP5. RODEX3A is the FRA-ANP realistic fuel rod thermal-mechanical behavior analysis 

code. S-RELAP5 is an FRA-ANP-modified version of the INEEL RELAPUMOD2 and MOD3 

codes. The RODEX3A code provides input to calculate the fuel conditions and stored energy 

for all fuel types modeled by S-RELAP5 at the initiation of the realistic LBLOCA calculation. The 

RODEX3A models have been integrated with S-RELAP5 to provide a consistent realistic 

calculation of the thermal-mechanical responses of the fuel rods during the LOCA. The 

FRA-ANP input prescription (Reference 12) defines the acceptable nodalization, numbering 

system, and parameter inputs for an S-RELAP5 PWR plant or experimental facility input model. 

The LOFT core components modeled by the RODEX3A code are the fuel rod coolant channel, 

the active fuel column, the gap, the cladding, upper fuel rod plenum free volume, and the fill and 

released fission gases (for pressurized rods only). The four fuel rod types represented by the 

S-RELAP5 heat structures differ by power level and initial fill gas pressure. The rod powers are 

modeled in accordance with the core axial and radial power distributions. The two hot rods and 
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the hot assembly rod are modeled as pressurized rods while the average core rod is 

unpressurized for Tests L2-5 and LP-02-6. For Test LP-LB-1, all fuel rods are unpressurized. 

RODEX3A calculations provide exposure-dependent input to the S-RELAP5 fuel model that 

calculates initial fuel rod conditions and stored energy. Therefore, pretest power and power 

histories were included in the initial stored energy calculation. For the analysis presented here, 

fuel information at 50 hours, as calculated by RODEX3A, was transferred to S-RELAP5. 

A steady-state initialization calculation was made to obtain the desired initial conditions for the 

transient simulation. The calculated and measured initial conditions agree quite well and the 

calculated initial conditions generally are within the uncertainty band of the measured quantities 

(Reference 5). The calculated initial broken loop temperature of 560.8 K for the cold leg and 

560.5 K for the hot leg come very close to measured values considering the large error bands 

quoted for the measured data, namely 554.3 K f 1.8 K for the cold leg and 565.5 K f 1.8 K for 

the hot leg. 

The calculation for this analysis is a simulation of Test L2-3 from 10 seconds before the break 

initiation at 0 seconds up to 100 seconds. This time interval was chosen because the important 

phenomena and significant events of L2-3 occurred during this period. 

For assessment purposes, the LOCA phenomena of primary interest are as follows: 

Fuel initial stored energy 

System blowdown and depressurization 

PCP performance 

DNB or CHF 

Bottom-up or top-down rewet 

Subcooled and two-phase critical flow through the break 

System refill and ECC bypass 

Core reflood and rod quench 

PCT. 

Reference 5 discusses the assessed capability to calculate each of these LOCA phenomena; 

the details are not repeated here. Figure 4.148 compares the calculated and measured PCT 

versus core elevation. This figure refers to the PCT as a maximum cladding surface 

temperature, either calculated or measured at the various locations, during the LOCA transient 

history. The comparison shows that the calculated temperatures are quite close to the 
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measured temperatures below the 15-in elevation, much greater than the measurements from 

15-in to 44-in elevation, and much lower than measurements above the 44-in elevation. The 

comparison can be considered acceptable because the calculated temperature trends followed 

the data trends, although the magnitudes did not compare well, and the calculated temperatures 

were overpredicted for the high power region. The highest PCT of 942 K (1236 F) was 

measured at the 15-in elevation while the calculated PCT was 1005 K (1350 F). 

4.3.2.1.5 LOFT Test L2-5 Assessment 

Test L2-5 was the third LBLOCA test conducted in the LOFT facility in which the reactor core 

power provided the primary heat source. The test represented a hypothetical cold leg guillotine 

break that simulated a double-ended, offset, shear break in a commercial (1000 MWe) 4-loop 

PWR. The test was initiated at 75% thermal power (36 MWt) and a 12.22 kW/ft maximum 

LHGR. 

Operation of the LOFT PCPs differs from a typical PWR in that the LOFT pump rotors are 

electromagnetically coupled to their flywheel system. It is normal during LOFT tests to uncouple 

the pumps from their flywheels whenever the pump speed falls below 750 rpm (78.54 rad/s). 

During the L2-5 test, the two PCPs were tripped at 1 second and disconnected from their 

flywheels. This provided a rapid pump coast down. This operation of the pumps reduced the 

flow into the vessel to less than the flow to the break, thus preventing an early bottorn-up fuel 

rod rewet. These simulated conditions are more typical of a 3-loop PWR than a 4-loop PWR. 

LOFT pumps normally coast down while connected to their flywheels that were designed to 

represent the normal pump coast down of commercial W 4-loop PWRs. 

The Test L2-5 HPlS flow is 58% of Test L2-3 HPlS flow and is 75% of Test LP-02-6 HPlS flow 

because an improper small break HPlS flow condition was inadvertently specified for Test L2-5. 

The injections of high and low pressure ECCSs were delayed to 23.9 and 37.32 seconds, 

respectively, to simulate the expected delay in starting up the emergency power diesel 

generator to run the ECCS. 

Before the transient started, the power level in the reactor core was steadily increased, then 

held at 36 MW f 1.2 MW for about 28 hours. This ensured that an appropriate decay heat 

power level would be obtained once the control rods were inserted into the reactor core. Test 

conditions before the beginning of the L2-5 test were as follows. 
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0 The primary intact loop mass flow rate was set at 192.4 kg/s k 7.8 kg/s. 

0 The hot leg pressure was 14.94 MPa k 0.06 MPa. 

0 The primary coolant system hot and cold leg temperature were held at 589.7 K k 1.6 K and 

556.0 K k 4.0 K, respectively. 

Test L2-5 was conducted to address conservatism in current licensing analyses. Many W 
plants are limited by Appendix K LOCA analysis results in which the calculated PCTs are 

predicted to occur during the reflood portion of the transient. Previous LOFT LB Tests L2-2 and 

L2-3 revealed that Appendix K requirements may be overly conservative because Appendix K 

criteria preclude the return to nucleate boiling (rewetting) before the end of blowdown. 

However, Tests L2-2 and L2-3 demonstrated that system hydraulic behavior can lead to an 

early rewet of the fuel cladding. This early rewet not only limits the PCT during blowdown [ 

1, but also removes a 

significant amount of stored energy from the fuel rod, thus reducing the reflood PCT. The 

cladding temperatures during reflood after blowdown rewet will be much lower than those 

occurring without rewet. Preventing the early rewet provides maximum core stored energy at 

the end of blowdown, and beginning of refilVreflood. 

The test results showed that the early bottom-up core wide rewet that occurred in Tests L2-2 

and L2-3 did not occur in Test L2-5 as planned. The PCT was 1078 K (1481 F), and because 

there was no early rewet and the hot rod temperature was fairly constant over a long period of 

time, there was no clear demarcation of blowdown and the reflood PCT was clearly the 

maximum. The cladding completely quenched at 65 seconds k 2 seconds. The test was 

complete after LPlS was terminated at 107 seconds. 

From Reference 5 ,a bias of 11.4 K f 16.2 K (20.5 F & 29.2 F) should be applied to the 

measured PCT to account for the 'fin cooling' effects on the surface mounted thermocouples. 

Thus, the reportable PCT for LOFT L2-5 is 1105.4 K (1 530.1 F). 

A steady-state initialization calculation was performed to reach the desired steady-state 

conditions for initiating the LOCA calculation. The calculated and measured initial conditions 

agree quite well and the calculated initial conditions generally are within the uncertainty band of 

the measured quantities. The calculated initial broken loop temperature of 556.0 K for the cold 
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leg and 558.0 K for the hot leg come very close to measured values considering the large error 

bands quoted for the measured data, namely 554.3 K f 4.2 OK for the cold leg and 561.9 K f 

4.3 O K  for the hot leg. The desired steady-state conditions were successfully achieved and the 

calculation accurately reached the L2-5 test initial conditions. 

For the transient calculation, a short steady-state calculation before the break opening is carried 

out to ensure that the steady-state initial condition is properly maintained when switching from 

the steady-state input model to the transient simulation. The calculation for this analysis is a 

simulation of Test L2-5 from 10 seconds before the break initiation at 0 seconds up to 

140 seconds. This time interval was chosen because the important phenomena and significant 

events of Test L2-5 occurred during this period. 

The assessment of S-RELAP5 to predict each of the important LOCA phenomena is presented 

in detail in Reference 5. Figure 4.149 depicts the final comparison of the calculated and 

measured PCT versus core elevation. In this figure, the PCT is referred to as a maximum 

cladding surface temperature, either calculated or measured at the various locations, during the 

LOCA transient history. The comparison generally shows very good agreement and the 

differences between the calculated and measured PCT in the high power region between 15-in 

to 44-in elevations are quite small. Calculations and measurements both show a plateau region 

between the 15-in and 28-in elevations where maximum PCT occurs. The highest PCT of 

1105.4 K (1 530.1 F) was measured at the 24-in elevation and the calculated PCT was 1102 K 

(1 524 F). 

4.3.2.1.6 LOFT LP-02-6 Assessment 

LOFT LP-02-6 was the fourth LOFT nuclear powered core LBLOCA test conducted with 

pressurized nuclear fuel rods and with a specification of minimum U.S. ECC injection rates. The 

maximum LHGR of 14.87 kW/ft was above the typical technical specifications currently used for 

licensing analyses of PWR fuel rods with the same approximate pellet diameter used in a 

15 x 15 fuel pin array. Test LP-02-6 represented an NRC "design basis accident" test and was 

supposed to run at 100% power, 50 MWt, but because of questions concerning the integrity of 

the pressurized fuel rods in the central hot assembly, the power level was reduced to mitigate 

possible safety problems. LP-02-6 is an important LBLOCA test for code assessment because 

it addresses the issues relating to safety margins associated with the response of a PWR to the 

NRC "design basis accident" scenario, including delayed minimum ECC safeguards. 
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Test LP-02-6 simulated a cold leg guillotine break coincident with a loss-of-offsite power. It was 

conducted with a delayed and degraded high and low pressure ECC injection. During the test, 

the PCPs were tripped and coasted down with their flywheels attached. The result was an early 

partial core rewet from the bottom up. When PCP speed dropped below 750 rpm (78.54 rad/s), 

the flywheels were uncoupled from the pumps to increase the pump speed deceleration. The 

attached flywheels produced pump coastdown characteristics more typical of a commercial W 
4-IOOp PWR. 

Before the initiation of blowdown, the power level in the reactor core was steadily increased and 

then held at 46 MWt f 1.2 MWt to ensure that an appropriate decay heat power level would be 

obtained once the control rods were inserted into the reactor core. Test conditions at the 

beginning of the LP-02-6 test were as follows: 

0 The primary intact loop mass flow rate was 248.7 kg/s f 2.6 kg/s, 

The hot leg pressure was 15.09 MPa k 0.08 MPa, and 

0 The primary coolant system hot and cold leg temperatures were 589.0 K f 1 .O K and 559.0 

K f 1 .I K, respectively. 

The LOFT LP-02-6 results showed the early bottom-up rewet of the fuel rods because the PCPs 

were allowed to coast down normally and the pump flow exceeded vessel side-break flow 

during the early part of blowdown, causing the early rewet. The early quench of the fuel rods 

extended to two-thirds of the core. Following the blowdown, the core underwent a second heat- 

up caused by a second dry-out. Because of the large fuel rod stored energy removal during 

blowdown, the PCT of 1074.0 K (1474.0 F) occurred early in the blowdown. The cladding 

completely quenched at 56 seconds f 0.2 seconds. The test was complete after core reflood 

was completed at 59 seconds f 1 .O second. 

From Reference 5, a bias of 11.4 O K  f 16.2' K (20.5 OF f 29.2 OF) should be applied to the 

measured PCT to account for the 'fin cooling' effects on the surface mounted thermocouples. 

Thus, the reportable PCT for LOFT Test LP-02-6 is 11 04.8 K (1 529 OF). 

A steady-state initialization calculation was performed to reach the desired steady-state 

conditions for initiating the LOCA calculation. The calculated and measured initial conditions 
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agree quite well and the calculated initial conditions are generally within the uncertainty band of 

the measured quantities. The calculated initial broken loop temperature of 557.6 K for the cold 

leg and 558.3 K for the hot leg come very close to measured values considering the large error 

bands quoted for the measured data, namely 553.0 K k 6.0 O K  for the cold leg and 560.0 K f 

6.0 O K  for the hot leg. The desired steady-state conditions were achieved and the calculation 

accurately reached the LP-02-6 test initial conditions. 

A short, steady-state calculation before the break opening is carried out to ensure that the 

steady-state initial condition is properly maintained when switching from the steady-state input 

model to the transient simulation. The calculation for this analysis is a simulation of Test 

LP-02-6 from 10 seconds before the break initiation at 0 second up to 140 seconds. This time 

interval was chosen because the important phenomena and significant events of Test LP-02-6 

occurred during this period. 

The assessment of S-RELAP5 to predict each of the important LOCA phenomena for LOFT 

LP-02-6 is presented in detail in Reference 5. Figure 4.1 50 compares the calculated and 

measured PCT versus core elevation. This figure refers to the PCT as a maximum cladding 

surface temperature, either calculated or measured at the various elevations, during the LOCA 

transient history. The comparison shows that the code overpredicted the measured 

temperatures except at the low power region near the core exit. The greatest differences 

between the calculated and measured PCT occur in the high power region between the 15 in 

and 44 in elevations. The highest PCT of 1104.8 K (1529 F) was measured at the 26-in 

elevation. The comparison shows that the calculated PCT of 1159 K (1627 F) is in good 

agreement with data and conservatively exceeds the measured PCT in the high power core 

region. 

4.3.2.1.7 LOFT Test LP-LB-1 Assessment 

The fifth LOFT LOCE, Test LP-LB-1, simulated a hypothetical double-ended cold leg guillotine 

break initiated from conditions representative of a PWR operating near its licensing limits. The 

initial core power was near the facility design limit of 50 MWt with maximum LHGR of 15.8 

kW/ft. Included in the test's boundary conditions were loss-of-offsite power coincident with the 

LOCE, a rapid PCP coastdown, and a minimum safeguard ECCS injection assumption from a 

European PWR. To minimize possible fuel pin damage, all of the fuel rods in the core were 

initially unpressurized. 
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Similar to LOFT Test L2-5, the PCP flywheels were uncoupled from the pump rotors to affect a 

rapid pump coastdown and prevent an early bottom-up core rewet. In this test, the PCPs were 

tripped and uncoupled from their flywheels within 1 second after the start of the transient. 

The ECC injection assumption for this test resulted in an accumulator liquid volume that was 

approximately 70%, and a pumped injection flow rate that was about 50% of that used in Test 

LP-02-6. The pumped injection was accomplished using the LPlS with a delay of nearly 

32 seconds to simulate the delay in starting the emergency power diesel generator. 

Before the start of the transient, the power level in the reactor core was steadily increased, then 

held at 49.3 MWt f 1.2 MWt to ensure that an appropriate decay heat power level would be 

obtained once the control rods were inserted into the reactor core. Test conditions at the 

beginning of the LP-LB-1 test are as follows. 

The primary intact loop mass flow rate was 305.8 kg/s f 2.6 kg/s. 

0 The hot leg pressure was 14.77 MPa f 0.06 MPa. 

The primary coolant system cold leg temperature was 556.6 K f 1 .O K with a fluid 

temperature increase of 29.5 K f 1.4 K. 

Similar to Test L2-5, Test LP-LB-1 was conducted to produce an LBLOCA that had a maximum 

of core stored energy at the end of blowdown by preventing an early bottom-up core rewet. 

Then using the high temperature conditions at the start of reflood, the test explored the reflood 

behavior of the system and provided information against which best estimate computer code 

simulations could be evaluated. 

As desired, the early bottom-up core-wide rewet did not occur in Test LP-LB-1. By altering the 

PCP coastdown, an early bottom-up rewet was prevented. The test did have a partial top-down 

rewet that resulted in two peaks in the cladding temperature history. A blowdown PCT of 

1261 .O K (1 81 0.0 F) occurred at about 13 seconds and a refill/reflood peak of 1257.0 K 

(1 803.0 F). The clad temperature at the peak power location remained at an elevated 

temperature for a long time. The cladding was completely quenched at 72 seconds f 1 second. 

The test was terminated at 132 seconds. 
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From Reference 5, a bias of 11.4"K k 16.2"K (205°F k 29.2"F) should be applied to the 

measured PCT to account for the 'fin cooling' effects on the surface mounted thermocouples. 

Thus, the reportable PCT for LOFT LP-LB-1 is 1284.0 K (1851.5 F). 

A steady-state initialization calculation was performed to reach the desired steady-state 

conditions for initiating the LOCA calculation. The calculated and measured initial conditions 

agree quite well and the calculated initial conditions are generally within the uncertainty band of 

the measured quantities. The calculated initial broken loop temperature of 560.0 K for the cold 

leg and 558.3 K for the hot leg come very close to measured values considering the large error 

bands quoted for the measured data, namely 552.0 K f 6.0 K for the cold leg and 561 .O K f 

6.0 K for the hot leg. The desired steady-state conditions were achieved and the calculation 

accurately reached the LP-LB-1 test initial conditions. 

A short steady-state calculation before the break opening is carried out to ensure that the 

steady-state initial condition is properly maintained when switching from the steady-state input 

model to the transient simulation. The calculation for this analysis is a simulation of Test 

LP-LB-1 from 10 seconds before the break initiation at 0 second up to 240 seconds. This time 

interval was chosen because, although most the important phenomena and significant events of 

Test LP-LB-1 occur before 100 seconds, the quenching of the core occurred much later in the 

calculation. 

The assessment of S-RELAP5 to predict each of the important LOCA phenomena for LOFT test 

LP-LB-1 is presented in detail in Reference 5. Figure 4.1 51 compares the calculated and 

measured PCT versus core elevation. In this figure, the PCT is referred to as a maximum 

cladding surface temperature, either calculated or measured at the various elevations, during 

the LOCA transient history. The comparison shows that S-RELAP5 overpredicted temperatures 

in the high power region up to the 44-in elevation, and slightly underpredicted temperatures 

above 44 in. The measured PCT is 1284.0 K (1851.5 OF) at the 2441-1 elevation. That 

measurement includes a bias and uncertainty of 11.4 OK k 16.2 OK (20.5 OF k 29.2"F) caused by 

the fin cooling effects on the surface mounted thermocouple. The calculated maximum PCT of 

131 0 K (1 899 F) also occurred at the 24-in core level and is in good agreement with the 

measured PCT. Based on Figure 4.151, the PCT at any elevation is within approximately 20% 

of the data, which is reasonable agreement. 
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4.3.2.2 Semiscale Tests 

S-RELAP5 was assessed against the Semiscale LBLOCA tests S-06-3 and S-07-1. Test 

S-06-3 was performed in the Semiscale MOD-1 facility. The MOD-1 facility was scaled from the 

LOFT facility and Test S-06-3 was performed as a counterpart to LOFT Test L2-3. The results 

presented for this assessment are used to support the application of S-RELAP5 in PWR 

LBLOCA analysis and to verify the capability of the S-RELAP5 code to calculate integral LOCA 

phenomena in facilities of different scale. 

Semiscale Test S-07-1 is a blowdown test performed in the Semiscale MOD-3 facility with 

cold-leg ECC injections. The results presented for this assessment are used to support the 

application of S-RELAP5 in PWR LBLOCA analysis and to verify the capability of the code to 

calculate blowdown film boiling heat transfer in the core. 

4.3.2.2.1 Semiscale Facilities 

MOD-1 Facility 

The Semiscale MOD-1, 1 %-loop facility was scaled to the LOFT facility, which in turn was 

scaled to a 4-loop PWR. It is designated a 1 %-loop system because it is configured with one 

active loop and one passive blowdown loop. Subsequent Semiscale facilities have included 

components that have made the facility more typical of a PWR. All the other Semiscale facilities 

were designed with 1/1600 to 112000 volume scaling, with full height, in reference to a 4-loop, 

3400 MWt PWR. 

The MOD-1 system contains a reactor vessel with internals, including a 40-rod electrically 

heated core, an active intact loop scaled to represent three loops of a PWR and a broken loop 

scaled to a single loop of a PWR. The intact loop contains an active steam generator and an 

active PCP and is connected to the pressurizer. The broken loop contains hydraulic simulators 

for the steam generator and pump and break simulators or rupture assemblies connected to a 

blowdown suppression system. The blowdown suppression system simulates containment 

pressure. 

The 40-rod electrically heated core has a PWR fuel pin pitch (0.563 in) and the heated length 

(5.5 ft) and outside diameter (0.42 in) are identical to the nuclear fuel rods of the LOFT core. 
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Semiscale Test Series 6 was performed to assist the LOFT program in planning the first nuclear 

test series. Test S-06-3 was performed as a counterpart to LOFT Test L2-3. For this test, the 

four central heater rods were operated at approximately 39.4 kW/m, 32 rods were operated at 

approximately 24.9 kW/m, and four rods were unpowered to simulate passive rod locations. 

This configuration yielded a peaked power profile that simulates that of the LOFT facility and 

provides a total core power of 1.004 MW. 

The safety injection includes the HPIS, LPIS, and accumulators. For Test S-06-3, two HPIS 

pumps and two LPlS pumps delivered flow into the intact-loop cold leg along with the intact-loop 

accumulator. The primary coolant pump was powered for the entire transient. 

MOD-3 Facility 

The Semiscale MOD-3 facility is constructed with two fully active coolant loops. The intact loop, 

retained from the Semiscale MOD-1 system, was scaled to the LOFT facility, which in turn was 

scaled to a 4-loop PWR. The broken loop, on the other hand, was scaled directly to a 4-loop 

commercial PWR. The Semiscale MOD-3 facility was designed with 1/1600 to 1/2000 volume 

scaling and full height, in reference to a 4-loop, 3400 MWt PWR. 

The vessel in the MOD-3 system consists of the upper plenum with internals required to 

represent guide and support tubes, upper head, 25-rod electrically heated core, and an external 

single pipe downcomer. The active intact loop is scaled to represent three loops of a PWR and 

the active broken loop is scaled to represent a single loop of a PWR. The intact loop contains a 

pump and the short Type I steam generator, and is connected to the pressurizer. The broken 

loop contains the taller Type II steam generator in addition to pump and break simulators or 

rupture assemblies connected to a blowdown suppression system. The blowdown suppression 

system simulates containment pressure. 

The 25-rod electrically heated core is characterized by fuel pin pitch (0.563 in) and outside 

diameter (0.422 in) typical of a PWR. The heated length (12 ft) of the MOD-3 core is identical to 

a 4-loop PWR core. 

Test S-07-1 was performed to establish the baseline performance of the MOD-3 system during 

a blowdown with cold-leg ECC injections. It was conducted to obtain core heat transfer and 

DNB characteristics of the heater rods. The MOD-3 system was initialized in the experiment to 
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a primary pressure of 15.95 MPa, total-loop flow of 9.4 kg/s and cold-leg temperatures of 559 K 

for the intact loop and 557 K for the broken loop at a core power level of 2.01 MW nominal. The 

system was subjected to a double-ended cold-leg break through a rupture assembly and two 

non-communicative nozzles. (Reference 5). 

4.3.2.2.2 Semiscale Test Descriptions 

Test S-06-3 

In Test S-06-3, the MOD-1 system was initialized to a primary pressure of 15.769 MPa, cold leg 

temperature of 563 K, and inlet flow of 6.68 L/s (liters per second) at the initial core power level 

of 1.004 MWt. The system was subjected to a double-ended cold leg break through two rupture 

assemblies and two LOFT facility counterpart nozzles, each having a break area of 0.000243 m2 

(0.00262 ft2). The effluent from the primary system was ejected into the pressure suppression 

system. 

After initiating blowdown, power to the heated core was reduced to simulate the predicted heat 

flux response of the nuclear fuel rods during a LOCA. Blowdown was accompanied by ECC 

injection into the cold leg piping of the intact loop. Coolant injection from the HPlS began at 

blowdown and continued until test termination (300 seconds). Coolant injection from the 

accumulator started at approximately 18.5 seconds after rupture and terminated at 

approximately 68.7 seconds. LPlS began at 25.5 seconds after rupture at a pressure of 

1900 kPa and continued until test termination. 

Test S-07-1 

The specific test conditions simulated in the calculation are as follows: 

The 23 rods in the square matrix of the 25-rod electrically heated core were operated at 

approximately 36.9 kW/m with a flat radial power profile resulting in a total core power level 

of 2.01 MW nominal. One corner rod (Rod E-5) was unpowered and another corner rod 

(A-I) was replaced by a liquid level probe. The normalized axial power profile is a chopped 

cosine with peak axial power factor of 1.55 nominal (Reference 5). 

During the blowdown transient, power to the electrically heated core was automatically 

controlled to simulate the thermal response of nuclear heated fuel rods. The power history 

is modeled based on the measured core power decay. 
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The accumulators for the intact (IL) and broken (BL) cold legs were pressurized with 

nitrogen to 4137 kPa (600 psia). IL accumulator injection began at 19 seconds and nitrogen 

discharge began at 72 seconds. BL accumulator injection began at 12.5 seconds and 

nitrogen discharge began at 35 seconds. The IL and BL accumulator injected flows and are 

modeled based on the measured date. The accumulators are actuated in the calculation on 

time, not pressure, to match the injection timing of the experiment. 

The simulation will extend from the time of pipe rupture until the time before nitrogen 

injection. Nitrogen was injected at 35 seconds, originating from the BL accumulator. 

Therefore, the simulation will extend for 35 seconds transient time after pipe rupture. 

The initial containment pressure is 246 kPa nominal. The transient containment pressure is 

modeled based on the measured data. 

The maximum break area corresponding to a double-ended break is 0.849 in2 (5.48 cm2) 

and is modeled. This implies that each of the two blowdown nozzles had a break area of 

0.849 +2 or 0.424 in2 (5.48 + 2 or 2.74 cm2). This maximum break area was determined 

from the ratio of the maximum break area to the primary liquid volume of a PWR system 

applied to the primary liquid volume of the Semiscale MOD-3 system. 

The intact- and broken-loop primary coolant pumps coast down during the test. The IL and 

BL pump are modeled based on the measured date. 

HPlS flow into the intact and broken loops started at 3.5 seconds at a pressure of 12,410 

kPa (1800 psia) and continued until test termination. The IL and BL HPlS injected flows are 

modeled based on the measured data. The HPlS pumps are actuated in the calculation on 

time, not pressure, to match the injection timing of the experiment. 

The LPlS started into the IL and BL at 27 seconds at a pressure of 2000 kPa (290 psia) and 

continued until test termination. The IL and BL LPlS injected flows are modeled based on 

the measured data. The LPlS pumps are actuated in the calculation on time not pressure to 

match the injection timing of the experiment. 

The measured fluid temperature in the IL and BL ECCS injection lines indicate that the 

ECCS (HPIS, LPlS and accumulator) water temperature is approximately 300 K (80.6 O F ) .  

Therefore, the IL and BL ECCS water are both modeled at a temperature of 300 K. 
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4.3.2.2.3 Test S-06-3 Assessment 

Through a sensitivity study, the "best" discharge coefficients were determined to be 0.8 for the 

vessel side and 0.7 for the pump side break junctions for both the subcooled and two-phase 

flows. The nodalization of the input model was developed to be as consistent as possible with 

the LBLOCA input guidelines (Reference 12). 

The S-RELAP5 initial condition results match reasonably well with the Semiscale Test S-06-3 

data. The detailed comparisons of predicted versus measured results for the important 

transient phenomena are shown in Reference 5, and are not repeated here. The calculation 

results have been compared to test data for the three phases of the test (blowdown, refill, and 

reflood). While reasonable agreement is obtained between code results and data for the major 

thermal-hydraulic variables, the MOD-1 Test S-06-3 experienced apparent ECC bypass that 

could not be caught well by the LBLOCA methodology. This resulted in earlier refill being 

calculated and consequently earlier calculated reflood and quenching of the heater rods. The 

PCT of 1 152 K in the test occurs at an elevation of 21 in above the bottom of the heated length 

at 20.7 seconds after pipe rupture. The calculated PCT of 1161 K occurs during blowdown at 

an elevation of 31.2 in above the bottom of the heated length at 26.5 seconds after pipe rupture 

Figure 4.1 52 shows the calculated versus measured maximum temperatures as a function of 

elevation in the simulated core for Semiscale Test S-06-3. 

4.3.2.2.4 Test S-07-1 Assessment 

S-RELAP5 was assessed against Semiscale Test S-07-1. The calculation results have been 

compared to test data. Reasonable to good agreement is obtained between code results and 

data for the major thermal hydraulic variables including upper plenum pressure, break flow 

rates, coolant temperatures, and rod temperatures. The comparison demonstrates that 

S-RELAP5 is capable of simulating the blowdown film boiling heat transfer phenomena 

expected of a PWR LBLOCA transient. In particular, the code conservatively predicted the 

average of measured PCT at all elevations. For instance, the calculated maximum temperature 

at an elevation of 72.4 in is 1092 K compared to the average measured PCT of 1056 K at this 

elevation (based on eight thermocouple readings). In addition, the highest calculated PCT is 

1108 K, compared to the highest measured (not average) PCT of 1101 K. Figure 4.153 shows 

the calculated versus measured maximum temperatures as a function of elevation in the 

simulated core for Semiscale Test S-07-1. 
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4.3.3 Methodology Treatment of PlRT Phenomena 

Sections 4.3.1 and 4.3.2 reviewed the extensive assessment of the S-RELAP5 code with regard 

to capabilities to predict the important phenomena identified in the LBLOCA PIRT. In some 

cases statistical information was determined with regard to the mean values and uncertainties 

for predicting a specific phenomenon. Much of this information also is contained in Section 5 of 

the S-RELAP5 Code Verification and Validation, Report EMF-2102 ( Reference 5). In other 

cases, the code, in its current configuration, was shown to calculate the phenomenon 

conservatively and no evaluation of the bias and uncertainty was performed. In these situations 

the conservatism associated with these phenomena was simply accepted as unquantified 

conservatism in the methodology. Table 4.1 8 summarizes the important PlRT phenomenon 

and how that phenomenon is being addressed in the methodology. 

4.3.3.1 PlRT Phenomena Not Treated Statistically 

From the comparison of the code predictions and data for both the SET and IET assessments, a 

number of important PlRT phenomena were found to be predicted conservatively by the code. 

The conservative prediction was either because of a conservative model in the code or the use 

of conservative input. These phenomena are indicated in Table 4.19 as being treated in the 

methodology as an "inherent conservatism" or an "input conservatism". By "inherent 

conservatism" is meant that a code model or combination of models has been demonstrated to 

conservatively predict these phenomena. By "input conservatism" is meant that the input being 

provided to the code has been demonstrated to be conservative and will be used in NPP 

analyses. These conservatisms are accepted in the methodology as an unquantified 

conservatism above that indicated by the statistical analysis. These phenomena will be 

discussed individually in the following sections. 

4.3.3.1 .I Core 3-D Flow and Void Distributions 

The core flow distribution and void distribution are determined by the initial power distributions 

and [ 

1 In 
effect this will result in a wide variation of calculated flow and void distributions in the core. 
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The ability of the code to calculate void distributions has been demonstrated in the SET 

assessments performed for the THTF level swell, GE level swell, and the FRIGG-2 tests. For all 

these assessments, the agreement between code prediction and measured void fractions was 

good to excellent (Section 4.3.1 and Reference 5). This indicates that the code is capable of 

calculating acceptable void distributions in the core. 

The ability of the code to calculate flow distributions in the core was demonstrated in the SET 

assessments (Section 4.3.1 and Reference 5) performed for the multi-dimensional flow tests, 

CCTF, and SCTF. The multi-dimensional flow tests demonstrated that the code was capable of 

modeling and predicting the measured flows in these tests. In addition, the assessments 

performed for SCTF test S2-17 and S2-18 demonstrated that the combined code and core 

nodalization was capable of predicting the effects of changes in radial power distribution and 

associated flows during the reflood period of the LBLOCA. This was demonstrated by 

comparing the calculated with the measured PCTs for those tests. 

The CCTF assessments further demonstrated that the combined code and core nodalization 

was able to predict the core flows and resulting PCTs in a cylindrical facility. The cylindrical 

facility is consistent with the input modeling used in the methodology NPP nodalization. 

Based on the information in the previous paragraph, the combination of these assessments 

clearly demonstrates that the code is capable of realistically predicting the core flows and void 

distributions as the statistical parameters are being varied in the statistical analysis of the 

LBLOCA. In addition, the code prediction of flow and void distributions is an integral part of 

determining the code heat transfer biases and uncertainties. [ 

1 

4.3.3.1.2 Liquid Entrainment in Core 

The liquid entrainment in the core has been demonstrated to be conservatively calculated by the 

code and methodology nodalization. This is shown in the assessments performed for CCTF, 

UPTF, and FLECHT-SEASET and reported in Section 5.6 of Reference 5. In the CCTF tests 

examined, Tests 54, 62, 67, and 68, the conclusion was that the liquid entrained from the core 

into the upper plenum was overpredicted by the code during the early part of the test. This 
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overprediction occurred until about 400 to 500 s into the test, after that the code underpredicted 

the amount of liquid in the upper plenum. Only after quenching occurred in the test did the data 

indicate higher levels. Both the measured and calculated time of PCT occurred before the 

calculation began to underpredict the liquid in the upper plenum. 

For the FLECHT-SEASET tests, as shown in Figures 4.61 through 4.69, the mass of water in 

the test section is underpredicted by the code and methodology nodalization. This is consistent 

with the results provided in Figures 4.70 through 4.75, which show that the code is 

overpredicting the water carryover from the test assembly. 

For UPTF Test 10, Run 081, and Test 29, Run 212/211, the water level in the upper plenum 

was consistently overpredicted by the code and methodology nodalization. This overprediction 

by the code is shown clearly in Figures 4.1 54 and 4.1 55. 

In conclusion, the code predicted liquid carryout from the core to the upper plenum was 

examined in three different test facilities. In all three test facilities, the amount of liquid carry out 

of the core into the upper plenum was overpredicted. Given these results from three different 

test facilities, it is concluded that the code and methodology prediction of core entrainment is 

conservative and no bias or uncertainty was developed to take credit for this conservatism. 

4.3.3.1.3 Core Flow Reversal/Stagnation 

The reversal and stagnation of flow in the core is the result of the size of the break and the rate 

of coolant loss versus the rate of coolant injection from the ECC systems. Generally, a 

combination of other phenomena occur to determine the limiting set of conditions that result in 

the worse situation where the flow in the core is essentially stagnant or has a low reflood rate for 

the longest period of time. This condition is addressed by the random variation of the other 

dominant phenomena. [ 

1 
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4.3.3.1.4 Upper Plenum Liquid Entrainmenude-entrainment 

When liquid droplets are entrained in the core and carried up into the upper plenum they can 

remain there, fall back into the core (de-entrainment) or be carried out into the hot leg 

(entrainment). The major modeling concern for LBLOCA is that allowing too much liquid to fall 

back into the core would result in a top-down quench and a significant underprediction of the 

PCT. It would also reduce steam binding. To demonstrate conservatism, the calculated upper 

plenum collapsed liquid levels were compared to a series of tests and shown to be higher. 

Tests at CCTF (54,62,67 and 68), FLECHT-SEASET (31805,31203,31302 and 31701) and 

UPTF (Test 10, Run 081 and Test 29, Run 21 1/212) were used to evaluate the balance of liquid 

droplet flows in the upper plenum. These tests simulated a PWR core using either steam and 

water (UPTF) or electrically heated, simulated fuel rods during the reflood period. The 

calculated liquid levels were compared to the measured liquid levels in the upper plenum region. 

The liquid level in the upper plenum is generally overpredicted by S-RELAP5 for reflood 

conditions. This seems to be true for the prototypic upper plenum of the UPTF 

(Section 4.3.3.1.2 above), the scaled upper plenum in the CCTF (see Figures 4.156 through 

4.159) and the atypical upper plenum of the FLECHT-SEASET tests (see Figures 4.160 through 

4.1 63). 

The conclusion is that, using the RLBLOCA methodology, S-RELAP5 tends to hold the liquid in 

the upper plenum to a slightly greater degree than testing would indicate when the liquid 

fractions are low. When substantial amounts of liquid are present, S-RELAP5 tends to carry 

over more than enough liquid and S-RELAP5 models liquid carry-over for the LBLOCA 

conservatively. 

4.3.3.1.5 Counter Current Flow Limit (CCFL) 

The CCFL phenomenon is addressed conservatively in the methodology by applying 

conservative input to the Kutateladze parameters. For the methodology, the following 

parameters will be used [ 

been shown to provide a conservative prediction of down flow at the UTP for the FRA-ANP 

specific UTP designs and in the UPTF assessment. 

] This has 
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Figures 4.1 03 through 4.1 05 demonstrate the conservative comparison for the FRA-ANP 

current UTP designs for the W15xI  5 and 17x1 7 fuel designs and for the CE 14x14 fuel design. 

Figures 4.1 16 and 4.1 17 and Figures 4.1 20 and 123 demonstrate the conservatism for the 

UPTF Test 10, Runs 080 and 081, Test 29, Run 212/211, and Test 12, Run 014. For all these 

tests, the selected Kutateladze parameters are demonstrated to be conservative. 

This conservative set of Kutateladze weighting parameters were selected primarily to address 

the issue in the assessments (CCTF, SCTF, FLECHT-SEASET, THTF, Semiscale) where best 

estimate parameters are unavailable. To be able to use these assessments and still meet the 

CSAU requirement that the assessments use the same model as the NPP analysis, it was 

decided to use a conservative set of parameters. 

4.3.3.1.6 Hot Leg Entrain ment/de-e n tra i n m e n t 

Liquid entrained into the upper plenum is carried through the hot leg to the steam generator, 

where it flashes to steam and increases the pressure drop. The more liquid reaching the steam 

generator, the more conservative the modeling. The liquid carry-over to the steam generator 

was calculated using modeling based on the RLBLOCA methodology and compared to 

measured carry-over values for a series of tests. 

Tests at CCTF (54,62,67 and 68), FLECHT-SEASET (31805,31203,31302 and 31701) and 

UPTF (Test 10, Run 081 and Test 29, Run 21 11212) were used to evaluate the carryover of 

liquid droplets in the hot leg and the steam generator. These tests simulated reflood conditions 

for a PWR by either introducing steam and water (UPTF) or by quenching electrically-heated, 

simulated fuel rods (CCTF and FLECHT-SEASET). CCTF used prototypic U-tubes in the steam 

generator and had a cyclone separator downstream of the steam generator exit. The UPTF 

was full scale and used cyclone separators in its steam generator simulators to trap water 

carried over by the hot leg. FLECHT-SEASET had a smaller (-4") horizontal pipe carrying the 

steam and water from the upper plenum to a separator and collector. 

For the CCTF tests, the liquid is separated well downstream (-30') after the exit of the steam 

generator. Figures 4.164 through 4.167 compare the calculated level changes in the catch tank 

with the measured changes. The measurements are somewhat inaccurate (note the level 

decreases which affect the first three cases) and the piping from the steam generator exit to the 

catch tank introduces some uncertainties. The predicted trends are correct and for the tests 
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with higher flows (54 and 68) the predicted levels are either conservative or in reasonable 

agreement. 

For the UPTF tests, the liquid is separated in the steam generator simulator. For the two tests, 

the calculated liquid accumulating in the catch tanks is quite conservative (See Figures 4.168 

through 4.171). 

For the FLECHT-SEASET tests, there is no steam generator. The hot-leg piping terminates in a 

separator, which has a tank with a pipe in the bottom leading to a drain tank. Figures 4.172 

through 4.179 compare the calculated levels in the separator tank and the separator drain tank 

with the measured levels. Because of the tendency of the model to hold a larger quantity of 

liquid in the upper plenum initially than would be indicated by measurements (See 

Section 4.3.3.1.4), the calculated carry-over to the separator is delayed. The bottom line for 

these figures is that the calculation has the liquid carried over to these tanks arriving slightly 

later than the measurements would indicate, with the overall carry-over from the calculation 

being greater. This latter point shows that the liquid entrained and carried over by the hot-leg 

model is conservative. 

4.3.3.1.7 Two Phase Pump Degradation 

The pump two phase degradation is addressed in the methodology as a best estimate input. 

Based on the sensitivity study described in Appendix B for a limiting break on both a 3-loop and 

a 4-loop plant, it is shown that this is not an important phenomenon for the limiting LBLOCA 

case. The use of the Semiscale two-phase degradation instead of the CE/EPRI two-phase 

degradation model produced essentially no impact on the 3-loop results and only an 18 F (10 K) 

for the 4-lOOp plant. Thus, the best estimate CE/EPRI model will be used in the RLBLOCA 

methodology. 

4.3.3.1.8 Pump Differential Pressure Loss 

The pump differential pressure loss is addressed in the methodology strictly as a best estimate. 

The S-RELAP5 code has the ability to input the pump specific homologous curves for the NPP 

being analyzed and this option is used. The homologous curves for the specific NPP pumps are 

obtained from the utility and, if plant data is available, a pump coast down is modeled to ensure 

that the curves are consistent with the plant data. 
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4.3.3.1.9 Non-Condensible Transport 

The treatment of non-condensibles in the S-RELAP5 code was demonstrated to be 

conservative by the performance of an assessment of the ACHILLES ISP #25. The rod 

thermocouples in the test all clearly showed a reduction in temperature following the 

introduction of nitrogen into the system. The S-RELAP5 code conservatively underpredicted 

this cooldown, as shown in Figures 4.136 through 4.141. Thus, the impact of the nitrogen 

injection following the accumulator emptying of water will be conservatively predicted in the NPP 

analysis. However, as indicated in the sensitivity studies (Appendix A), the injection of nitrogen 

into the RCS system following the emptying of the accumulators was found to not significantly 

affect the final predicted LBLOCA event PCT. 

4.3.3.1.10 Downcomer Entrainment 

The S-RELAP5 prediction of the downcomer entrainment was demonstrated to be conservative 

through the assessment of UPTF Tests 6 and 7 (Section 4.3.1 and Reference 5). In these 

essentially full scale tests the lower plenum fill rate was measured as a function of time during 

the tests. Test 6 consisted of five different test assessments where the steam flow rate up the 

downcomer was varied with a constant ECC injection rate. One run from Test 7 was used in the 

assessments to extend the downcomer steam flow rate to a lower value. 

The comparison of the lower plenum level for Test 6 is provided in Figures 4.106 through 4.1 10 

and for Test 7 in Figure 4.1 11. These level comparisons show that S-RELAP5 underpredicts 

the lower plenum level for all the Test 6 and 7 assessments using the methodology NPP 

nodalization (Reference 12). This indicates that S-RELAP5 is overpredicting the entrainment of 

the ECC water and carrying it out the break. Thus, the results clearly indicate that the 

S-RELAP5 code overpredicts the bypass of ECC water in these full scale tests. Based on these 

results, it is concluded that the S-RELAP5 predictions will provide a conservative result with 

respect to ECC bypass, lower plenum fill, and core recovery. (For a discussion of the 

oscillations in the lower plenum level, see the discussion on lower plenum sweepout.) 

4.3.3.1 .I 1 Downcomer Liquid Level Oscillations 

The downcomer liquid level oscillation is another phenomenon that is controlled primarily by 

other important phenomena. The ranging of these phenomena either will or will not produce the 

oscillations based on their specific ranging. 
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Manometer type downcomer liquid level oscillations have not been observed to any significant 

extent in the methodology NPP nodalization models. This appears to be the result of the boiling 

in the downcomer acting as a stabilizer for the phenomenon. Preliminary undocumented 

calculations in which the downcomer heat structures were uncoupled were able to produce 

manometer type downcomer level oscillations. The lack of these oscillations in the methodology 

NPP nodalization model is conservative because the effect of the oscillations is to drive water 

up into the core and provide an additional cooling mechanism. Thus, the fact that this 

phenomenon is not predicted by the methodology NPP model is acceptable. 

4.3.3.1.12 Lower Plenum Sweepout 

The conservatism of the S-RELAP5 lower plenum sweepout is also demonstrated in the 

essentially full scale UPTF Test 6 and 7 assessments with the methodology nodalization 

(Reference 12). Again these tests were performed with a constant ECC injection rate and with 

various steam flow rates up the downcomer. The measured versus code prediction of the lower 

plenum level is provided in Figures 4.106 through 4.1 10 for Test 6 and Figure 4.1 11 for Test 7. 

In these figures the predicted lower plenum level shows a series of decreases. These 

decreases in the lower plenum level are a result of the prediction of liquid sweepout from the 

lower plenum. This sweepout is seen to be more pronounced in the higher steam flow rate 

assessments, Test 6, Runs 131, 132, 133, and 135, and less pronounced in the two lower 

steam flow rate assessments, Test 6, Run 136 and Test 7, Run 203. The measured data in 

these figures do not show these large sweepout events. 

The large sweepout events predicted in the UPTF Test 6 and 7 assessments is a direct result of 

the methodology nodalization used in the lower plenum. Sensitivity studies were performed 

(Reference 5) that clearly showed that this sweepout prediction could be corrected with a more 

detailed model (i.e., a 2D lower plenum model). However, because many of the other 

assessments had already been run, it was decided to continue to use this lower plenum model 

and to simply accept the conservatism in the methodology. 

4.3.3.2 PlRT Phenomena Treated Statistically 

The parameters presented in this section are to be treated statistically in the FRA-ANP 

RLBLOCA methodology. The uncertainties developed from S-RELAP5 code assessments have 

been presented in Section 4.3.2 and Section 5 of Reference 5. For those parameters a 
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summary is provided giving the parameter bias and uncertainty and how it is to be applied in the 

methodology. In addition to these parameters, a few other parameters are being treated 

statistically based on analysis other than code assessment. The discussion on these 

parameters includes additional background and explanation of the objective of the statistical 

treatment. Table 4.19 presents a summary of the key statistical characteristics used in the 

FRA-ANP RLBLOCA methodology. The table provides a list of biases, standard deviations (for 

parameters treated with a normal probability distribution function), and range boundaries (+ 20 

for normal probability distribution functions). 

4.3.3.2.1 Stored Energy 

The analysis of stored energy uncertainty was performed by assessing RODEX3A predictions 

for centerline fuel temperature relative to data taken at the Halden Reactor Project. The results 

are presented in Section 5.8 of Reference 5. Using a normal probability distribution function, 

the mean error in centerline fuel temperature is 0.0 with a standard deviation of 130 OF. A bias 

in centerline temperature has been identified for burnup greater than 10 MWd/kgU. This is 

given by the expression: 

Y{"F} = -4.2232*X{MWd/kgU}+39.183 O F  

The parameter is first sampled using a normal distribution with a mean of 0.0 and standard 

deviation of 130 OF. A test on "Time-of-Cycle" is performed to check if the bias is to be applied. 

If so, the bias is then added to the sampled centerline fuel temperature. In applying the sampled 

fuel centerline temperature, the S-RELAP5 multiplier, FUELK, is used in conjunction with a 

control system that tracks the centerline temperature of the peak power node. The FUELK 

multiplier is applied to the fuel pellet thermal conductivity. Using a control system applied during 

a steady-state S-RELAP5 calculation, this multiplier is driven to a value that results in shifting 

the fuel centerline temperature from a best-estimate value to the best-estimate value plus 

uncertainties as given by the equation above. 

4.3.3.2.2 Oxidation 

Energy released through the oxidation of cladding is calculated from the Cathcart-Pawel 

correlation (Reference 25) for oxide layer growth: 
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6* 
-c?L = 0.01 126exp(-35890/RT) 
2 

R is the universal gas constant (1.987 cal/mole-K) and T is clad temperature. This appear in the 

S-RELAP5 Models and Correlations document (Reference 9) as 

- 0*000002252 exp(-l8062 / T )  
aAr, 

- 
at 2 4  

In Reference 25, uncertainties are provided for both the constant term and the exponential term. 

It is reported that the 90% confidence limits on the constant term is -23% to +30% and on the 

exponential term, it is *2.2%. A standard deviation is calculated from the upper l-sided 95% 

probability point (+30%, 2.2%). Assuming a normal distribution, this corresponds to 1.645 

standard deviations; hence, the standard deviation is 

2'2% = 1.337% on the exponential term. 3 0% - = 18.237% on the constant term and - 
1.645 1.645 

4.3.3.2.3 Decay Heat 

The FRA-ANP realistic LOCA evaluation model , S-RELAP5, calculates decay heat based on 
the 1979 ANSVANS standard (ANSI/ANS-5.1-1979, Reference 26). This standard is applicable 

to light water reactors containing Uranium 235 as the principal initial fissile material. 

Fission contributions from Plutonium 239 and fast fission of Uranium 238 can be explicitly 

treated using the standard; other fissionable isotopes are treated as Uranium 235. Methods of 

accounting for the effect of decay energy from neutron capture in fission products are also 

described in the standard, and equations for decay of the capture product actinides 

Uranium 239 and Neptunium 239 are shown. The 1979 standard considers the reactor 

operating history and the average recoverable energy associated with fission of each of the 

above isotopes. Two types of reactor operation are presented, a fission pulse and a constant 

fission rate over an operating time period. Both methods yield decay power but do not account 

for the spatial distribution of the decay power deposition. 

The decay heating described by the standard can be used for many types of calculations 

including LOCA analysis. However, considerations for LOCA are somewhat different from other 
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applications. LOCA is a hypothetical event which must be analyzed prior to reactor operation. 

Thus, the operating history and the concentration of fissionable isotopes will not be known prior 

to a LOCA. Fortunately, simplifying assumptions can be made which allow calculation of a 

realistic but slightly conservative decay heat curve as a function of time using the 1979 

standard. The decay heat calculated with these assumptions bounds the more detailed decay 

heat curves that would result if the conditions at the initiation of LOCA were known. The 

assumptions are: 

0 infinite operating time at full power. 

0 All fissions assumed from U 235 

200 MeV / fission (conservatively low) 

0 One standard deviation total decay heat of [ ] 

LBLOCAs are a short time event with PCT and quenching occurring on the order of 100 

seconds and well within 1000 s. For this short decay time, decay energy tends to be dominated 

by short-lived fission products. A characteristic of short-lived fission products is that they 

approach equilibrium concentrations within a short operating time. The assumption of infinite 

operating time is equivalent to assuming equilibrium fission product inventory. While this 

assumption is bounding, it is also realistic with respect to the dominant short-lived fission 

product isotopes. 

The ANS standard suggests a simplified method of calculating decay heat assuming Uranium 

235 as the only fissionable isotope and applying a conservative multiplier. FRA-ANP makes the 

assumption that all fissions are from Uranium 235, and adjusts the uncertainty to account for the 

other isotopes. 

The assumption of 200 MeV / fission converts power to fission rate. A low value is 

conservative. The components of this parameter and the uncertainties are described in more 

detail in following paragraphs. 

Total decay heat using these assumptions was compared to more detailed calculations, and it 

was determined that use of a one standard deviation uncertainty of [ 

total decay heat using these assumptions. 

] conservatively bounds 
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In addition to fission product decay heat, actinide capture product decay power is computed 

using the ANS standard equations, and added to the fission product decay heat.. In this 

calculation a conversion ratio appropriate for the time in cycle analyzed is obtained from core 

neutronics calculations The ANS standard also provides equations to calculate the addition of 

decay heat from neutron capture in fission products. These equations are included in 

S-RELAP5 and the contribution to the total decay heat from this source is calculated and 

included. 

4.3.3.2.4 Departure from Nucleate Boiling 

Test results from the THTF Heat Transfer separate-effects test contributed to identifying a bias 

in the Biasi CHF correlation (Reference 5). [ 

] The CHF scaling is applied for RLBLOCA calculations, 

and the statistical information on heat transfer is used along with other test data (see next 

section) to derive the uncertainty parameters on film boiling heat transfer (FILMBL) and the 

dispersed flow heat transfer (FRHTC). (See following section). 

4.3.3.2.5 Core Post-CHF Heat Transfer 

The FLECHT-SEASET tests were used to assess S-RELAPS'S capability to predict several 

phenomena associated with reflooding a heated bundle. This facility provided reflood data 

covering the LBLOCA range of pressures, subcoolings, and reflood rates using an electrically 

heated bundle with a center-peaked cosine power profile. The FLECHT skewed test data were 

added to provide additional data for an upskewed axial power profile. 

The results (summarized in Section 4.3.1.6) showed that S-RELAP5 calculated maximum 

surface temperatures are generally higher than the measured data at all elevations. These 

trends were consistently observed for nearly all assessments of the S-RELAP5 heat transfer 

FLECHT and FLECHT SEASET data and data from THTF reflood tests were used to derive the 

multipliers to be used for film boiling heat transfer (FILMBL) and dispersed flow forced 

convection (FRHTC) as shown in Section 5.1 of EMF-2102 (Reference 5). [ 
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1 

The probability density functions are defined by the following two equations. The coefficients for 

the equations vary depending on whether they are to be applied to FILMBL (low void fraction) or 

FRHTC (high void fraction). 

[: 1 

These are given in Table 4.20 
1 

4.3.3.2.6 Tmin 

A set of seven FLECHT SEASET tests was used to evaluate the trends in Tmin at low pressure. 

Quench temperatures improve at higher pressures; hence, a Tmin uncertainty based on low 

pressure data was expected to bound high pressure data. This was validated with data from 

ROSA/TPTF, the ORNL/THTF and the Westinghouse G1/G2 tests. Examination of FLECHT 

SEASET data showed that based on observable conservatisms, only the 3 in/s reflood rate test 

(Test #31302) was necessary to evaluate a bounding Tmin uncertainty (Reference 5). 

From the FLECHT SEASET data and from an evaluation of code uncertainty with regard to how 

the LBLOCA multiplier relates to Tmin, [ 

] The uncertainty evaluation has been 

demonstrated to be a conservative bounding distribution relative to other datasets. 

4.3.3.2.7 Break Flow 

Break flow is a function of break area and critical flow uncertainty. [ 
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1 

The homogeneous-equilibrium critical flow model in S-RELAP5 was assessed by comparison to 

full-scale critical flow tests at the Marviken facility. This was presented in Section 4.3.1.8. From 

these assessments, [ 

1 

4.3.3.2.8 Steam Binding 

Steam generator liquid entrainment was examined in the code assessments for CCTF and 

UPTF. 

For the purpose of measuring liquid entrainment in the steam generator, the facilities use a 

steam generator simulator. For the CCTF tests, liquid entrainment into the steam generator is 

determined by measurements of liquid levels in a collection tank from the separation of the two- 

phase mixture entering the simulator. The comparisons of measured and calculated liquid 

levels in the collection tank indicate that the amount of liquid carried over to the steam generator 

is in reasonably good agreement, given the uncertainties in the modeling. The uncertainty in 

the heat transferred from the steam generator simulator, the uncertainty in the extent to which 

the piping is adiabatic (as it is modeled in S-RELAP5), and the uncertainty in the dimensions of 

collection tank (dimensioned drawings were not available for the analysis) are significant. The 

assessment of the liquid carryover was based on conservatively low estimates of these 

uncertain values; even so, the results show reasonably good agreement. 
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1 

1 

Analyses of liquid entrainment from the upper plenum and hot legs (as discussed in 

Sections 4.3.3.1.2, 4.3.3.1.4, and 4.3.3.1.6) suggest that S-RELAP5 tends to carry over more 

than enough liquid and that liquid carryover for the LBLOCA is conservative. The large model 

uncertainty in the CCTF assessment requires the [ 1 
This bias is considered an additional conservatism in light of the UPTF results showing that 

carryover to the steam generator is conservative without the bias. The increased interfacial 

drag at the steam generator inlet will result in conservative carryover to the SG and will provide 

a bounding estimate of steam binding during a LBLOCA. 

4.3.3.2.9 Cold Leg Condensation 

S-RELAP5 was assessed against selected tests from the N/EPRl 1/3 scale condensation 

experiment. [ 

] This bias was used to assess the 

accuracy of the code in predicting the interfacial condensation heat transfer during the 

ECC/steam mixing process. The results show that the mean bias, based on 19 data points, is 

3 using a nodalization consistent with plant nodalization. This indicates that 

S-RELAP5 slightly overpredicts the interfacial condensation rate on the average. For 

RLBLOCA analyses, a [ ] bounds the 

uncertainty range of the interfacial condensation heat transfer coefficient in the ECC/steam 

mixing process. It is to be applied in the system cold legs and in the downcomer. 

Condensation in the downcomer should not be that significant; however, sampling of a low 

condensation factor may prevent sufficient ECC mixing in the cold leg and this mixing would 

then be completed in the downcomer. 

4.3.3.2.10 Accu m u lator Disc ha rg e 

Accumulator discharge may be influenced by piping flow resistances and pressure. Most plants 

have can provide best-estimate data that maybe used to accurately model flow resistance; 
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hence, the largest uncertainty to accumulator discharge is accumulator pressure. To support a 

plant technical specification for accumulator pressure ranges, the accumulator pressure is 

sampled over a range, using a probability distribution developed specifically for the plant of 

interest. The information on uncertainty for this and other plant process parameters will be 

reported to the licensee with the safety analysis. 

4.3.3.2.1 1 Reactor Vessel Hot Walls 

The results from UPTF Tests 6 and 7 demonstrated that S-RELAP5 will overpredict ECC 

bypass; however, many parameters may contribute to this phenomena. The hot wall effect can 

be separated out since it is expected that there is a direct relationship with the degree of 

nucleate boiling in the downcomer and ECC bypass. To maximize the hot wall effect, heat 

transfer in the downcomer can be locked into nucleate boiling by raising the CHF point to a high 

value. In the FRA-ANP methodology, the hot wall effect [ 

1 

4.3.3.2.12 Containment Pressure 

Containment pressure is ranged [ 

] Sensitivity studies 

have shown that lower containment pressure reduces PCT margins. [ 

1 

4.3.4 Evaluation of Code Biases 

This section assesses the effects of the defined code biases on the LBLOCA assessments. 

The biases were developed from uncertainty analyses performed on separate-effect tests. 

Although each bias developed has an uncertainty associated with it, the evaluation of the biases 

does not include the uncertainties. 

Having defined the biases and uncertainties for use with S-RELAP5, an evaluation of the impact 

of these biases on the assessments was performed for the CCTF, LOFT, and Semiscale. The 

CCTF facility was selected from the various SET facilities because it is a large facility and has a 

cylindrical configuration consistent with the NPP core model. The two IET facilities were chosen 

because they provide a complete assessment for all phases of the LBLOCA scenario. 
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The following biases were included in all of the evaluation calculations and were taken from 

Table 4.1 9: 

1 
1 
1 
1 
1 

1 
1 

4.3.4.1 Evaluation of Biases with CCTF 

The biases were applied to each of the CCTF tests. The overall effects of the biases are shown 

by comparisons with unbiased results and measured temperatures. The comparisons are 

shown at the core elevation where the measured PCT occurred. In all the tests the measured 

PCT occurred at the 1.83 m elevation, while the calculated PCT in both the base case and the 

biased calculation occurred between the 2.3 and 2.5 m elevations. Therefore temperature 

comparison plots will be made at the 1.83 m elevation and at the 2.44 m elevation. 

Also presented are rod temperature profile comparisons between measured, unbiased, and 

biased temperatures. In the profile plots, the temperatures presented are the maximums 

occurring at each elevation. The maximum temperature profile, referred to as a PCT plot, 

readily shows how the calculated temperatures compare with the measurements. 

4.3.4.1 .I Summary and Conclusions 

Inclusion of the biases resulted in improved but conservative PCT calculations in three of the 

four evaluation tests. In the fourth, which is a low PCT case, the inclusion of the biases 

improved the calculation of the general trends and produced a good comparison but slightly 

non-conservative PCT. [ 

1 

4.3.4.1.2 Test 54 

This test incorporates best estimate decay power (ANS x 1 .O), a nominal cold leg ECC injection 

rate (0.01 1 m3/s), and nominal pressure (0.20 Mpa). 
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The comparison between measured, unbiased, and biased temperatures at the 1.8 m level 

where the measured PCT occurred is given in CCTF Figure 4.180. From the time reflood starts 

at 93 seconds up to the time that the rods quench, the heat transfer regime oscillates between 

dispersed flow film boiling and single phase steam heat transfer. [ 

] Similar trends are observed in Figure 4.1 81, 

where the comparison is made near the calculated PCT elevation. At this elevation, the 

calculation tracks the measured temperature almost exactly and the measured and calculated 

quench temperatures are nearly identical. 

The PCT versus elevation plot is shown in Figure 4.182, where the biased and unbiased peak 

temperatures either exceed the measured temperatures or are within the range of the measured 

temperatures, except at the 1.425 m elevation, where the unbiased calculated temperature fall 

slightly below the lowest measured temperature. In the upper one third of the heated section, 

the code calculates higher temperatures than measured in both calculations. However all three 

figures show the code calculated the trends of the experimental data. Also, both the unbiased 

and biased calculations tend to overpredict the data near the calculated PCT location. The 

biased calculation, however, tends to fall between the data and the unbiased results. 

4.3.4.1.3 Test 62 

This test incorporates Appendix K required decay power (ANS x 1.2), a nominal cold leg ECC 

injection rate (0.01 1 m3/s), and nominal pressure (0.20 Mpa). 

The comparison between measured, unbiased, and biased temperatures at the 1.8 m level 

where the measured PCT occurred and at the 2.44 rn level where the calculated PCT occurred 

are given in CCTF Figures 4.183 and 4.184. The trends are similar to those shown for Test 54. 

The PCT versus elevation plot is shown in Figure 4.185, where the biased and unbiased peak 

temperatures either exceed the measured temperatures or are within the range of the measured 

temperatures without exception. Also, both the unbiased and biased calculations tend to 
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overpredict the data near the calculated PCT location, but the biased calculation tends to be 

much closer to the data than do the unbiased results. 

4.3.4.1.4 Test 67 

This test incorporates Appendix K required decay power (ANS x 1.2), a nominal cold leg ECC 

injection rate (0.01 1 m3/s), and reduced pressure (0.15 Mpa). This test produced the greatest 

PCT in both the tests and in the calculation because of the combination of low pressure and 

higher decay power. 

The comparison between measured, unbiased, and biased temperatures at the 1.8 m level 

where the measured PCT occurred and at the 2.44 m level where the calculated PCT occurred 

are given in CCTF Figures 4.186 and 4.187. Again, the trends are similar to those shown 

previously for Test 54 and 62, but because of the higher temperatures the effects of the biases 

are magnified. 

The PCT versus elevation plot is shown in CCTF Figure 4.188, where, as in test 62, the biased 

and unbiased peak temperatures either exceed the measured temperatures or are within the 

range of the measured temperatures without exception. Also, both the unbiased and biased 

calculations tend to overpredict the data near the top half of the core, but the biased calculation 

tends to be much closer to the data than do the unbiased results. 

4.3.4.1.5 Test 68 

This test incorporates best estimate decay power (ANS x 1 .O), an increased cold leg ECC 

injection rate (0.025m3/s), and nominal pressure (0.20 Mpa). This test produced the best 

agreement between the calculated PCT and that measured for the unbiased runs. 

The comparison between measured, unbiased, and biased temperatures at the 1.8 m level 

where the measured PCT occurred and at the 2.44 m level where the calculated PCT occurred 

are given in Figures 4.189 and 4.190. As shown in both of these figures, the addition of the 

biases tends to produce PCTs at both locations that are slightly non-conservative. However, as 

shown in Figure 4.190, the underprediction is mainly the result of the initial temperature 

undershoot at the start of reflood. After the initial under shoot that ends at approximately 

130 seconds the slope of the calculated temperature curve tracks that of the measured 
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temperature until 340 seconds, at which time the biased heat transfer rate becomes larger than 

that measured rate. 

The PCT versus elevation plot for CCTF Test 68 is shown in Figure 4.191. The figure shows 

that both the biased and unbiased peak temperatures either exceed the measured temperatures 

or are within the range of the measured temperatures except at the measured PCT location 

where the biased temperature is under the lowest measured value. Also, both the unbiased and 

biased calculations tend to overpredict the data near the top third of the core. Because of the 

discontinuity in the measured temperatures near the core mid plane, visually deciding whether 

the biased or unbiased calculations produce the best overall comparison is difficult. 

This test is the only one in which the biases produced a notable effect on any of the measured 

loop parameters (pressure drop, flow rate, void fraction, etc.). For this test the steam generator 

inlet interfacial drag bias of 1.75 produced a noticeable improvement in the agreement between 

the measured and calculated intact loop cold leg void fraction between the start of reflood and 

350 seconds. After 350 seconds the biases produced little difference. The cold leg void fraction 

comparison is shown in Figure 4.192. 

4.3.4.1.6 Conclusion Regarding Bias Evaluation in CCTF 

Inclusion of the biases resulted in improved but conservative PCT calculations in three of the 

four evaluation tests. In the fourth, test which is a low PCT case, the inclusion of the biases 

improved the calculation of the general trends and produced a good comparison but slightly 

non-conservative PCT. [ 

1 

4.3.4.2 Evaluation of Biases with LOFT 

The integral tests used for the assessment were the LOFT Tests LP-LB-1, LP-02-6, L2-5, and 

L2-3. These tests were evaluated as part of the S-RELAP5 assessment, which provides a 

comparative basis. 
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The biases were applied to each of the LOFT tests. The overall effects of the biases are shown 

by comparisons with unbiased results and measured temperatures. The comparisons are 

shown at the core elevation where the measured PCT occurred. In Tests LP-LB-1 and L2-5, the 

calculated location of the PCT coincided with the measured location. From the Test LP-02-6 

results, the elevation of the measured PCT was 26 in, while the calculated PCT occurred at the 

24 in level. The difference in elevations is small enough to perform the analysis at the 26 in 

level. However, simulation of the L2-3 test resulted in a calculated PCT occurring at the 24 in 

elevation, while the measurements show the PCT occurring at the 15 in level. Thus two 

comparisons are evaluated, temperature comparisons at 15 in and 24 in. 

Also presented are rod temperature profile comparisons between measured, unbiased, and 

biased temperatures. In the profile plots, the temperatures presented are the maximums 

occurring at each elevation. The maximum temperature profile, referred to as a PCT versus 

elevation plot, readily shows how the calculated temperatures compare with the measurements. 

4.3.4.2.1 Summary and Conclusions 

From the assessment calculations, S-RELAP5 was demonstrated to be conservative with 

respect to the measured PCT data from LOFT tests LP-LB-1, LP-02-6, L2-5, and L2-3. Those 

assessment cases were re-run with the code biases applied in the analysis. The S-RELAP5 

calculated results from the biased calculations were in better agreement with the data and the 

PCT results were still conservative. 

4.3.4.2.2 LOFT Test LP-LB-1 

Figure 4.1 93 compares the measured, unbiased, and biased temperatures at the 24 in level 

where the measured PCT occurred. The initial temperature rise is calculated to occur slightly 

earlier than was measured, and the biased calculation shows an earlier rise than the base 

calculation. [ 

1 

From 4 s to approximately 35 s, the code calculates the heat structure to be in the dispersed 

film-boiling regime. The code bias of 1.75 is applied. The biased results show peak 

temperatures closer to the measured data during this period. The bias calculation underpredicts 

the measured temperatures slightly between 25 and 35 s. Had the calculated peak temperature 
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been delayed to the measured value, the calculated temperatures would have been in excellent 

agreement with the measurement. 

After 35 s the heat transfer regimes are predicted to enter the transition region between 

dispersed flow film boiling ( a > 0.9) and the Bromley film boiling region (a  < 0.7). At that point, 

1 

Both calculations follow the measured temperature excursion until 50 s. At that time, the 

measured temperature starts decreasing more rapidly and final quench occurs just before 70 s. 

The LP-LB-1 transient shows early quenching, primarily caused by top-down quenching in the 

upper core. The S-RELAP5 calculations do not effectively calculate that phenomenon. 

The PCT versus elevation plot is shown in Figure 4.194. In that figure, the unbiased peak 

temperatures exceed the measured temperatures except at the 54 and 61 in elevations. The 

results from the biased calculation are shown with a dashed line. Those results are either within 

the measured uncertainties or exceed the measured temperature peaks except at the upper 

elevations. In the low power upper region of the core, the calculated dry-out is delayed relative 

to the data. After dry-out occurs, the code calculates quenching much later than measured. 

That calculated discrepancy is associated with the inability to adequately predict top-down 

quenching (see CCFL discussion in Section 4.3.3.1 5). 

Except for top-down quenching, both figures show that the code calculated the trends of the 

experimental data. Also, both the unbiased and biased calculations tend to overpredict the 

data. The biased calculation, however, tends to fall between the data and the unbiased results, 

and tends to be within the measured uncertainty for -20% of the data. [ 

1 

4.3.4.2.3 LOFT Test LP-02-6 

The LOFT LP-02-6 experiment is characterized by a short period of core quenching immediately 

after the blow-down peak temperatures occur because of a slow pump coast down. The 
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quenching occurred in the lower two-thirds of the core. The S-RELAP5 calculations do not 

show that brief core quenching. 

The calculated temperatures from unbiased and biased cases are compared with measured 

temperatures at the 26 in core elevation, and are shown in Figure 4.195. The analysis of the 

effects of the biases on the calculated temperatures is similar to what was discussed for Test 

LP-LB-1 with alternative timings for the phenomenon occurrence. [ 

1 

The Test LP-02-6 PCT versus elevation plot is shown in Figure 4.196. As was the case in the 

Test LP-LB-1 PCT plot, the calculated peak temperatures overpredict the measured peak 

temperatures, except in the upper core region. Unlike the Test LP-LB-1 PCT plot, the biased 

calculation shows little difference from the unbiased case, although the biased results fall 

between the measured and unbiased temperatures. The conclusion from the LP-02-6 

assessment is that the code still is conservative, even with the application of the biases. 

4.3.4.2.4 LOFT Test L2-5 

The LOFT L2-5 experiment was designed to provide data for evaluation model assessment. 

The experiment is characterized by a rapid pump coast down and PCT occurring during the 

reflood portion of the experiment. 

Figure 4.1 97 shows the calculated temperatures from the unbiased and biased cases compared 

with the measured temperatures at the 24 in core elevation. The results, and consequent bias 

analysis, are similar to those from the Test LP-LB-1 comparison except for the calculated 

overprediction of temperatures. The Test L2-5 experiment has a controversial power 

associated with it. The core was operated for 28 hours at 38 MW, then reduced to a reported 

36 MW over a 2.5 hour period before the test. Additionally, the reported core power with 

uncertainty was 36 k 1.2 MW, but the target power for the test had been 37.5 & 1 .O MW. The 

calculation was performed using 36 MW. As shown in Figure 4.198, the unbiased calculated 

temperatures do not greatly exceed the measured temperatures as expected based on the 

other LOFT assessments. 

Based on the current results, time shifting the calculated results so the PCT would occur at the 

same time as the data, the biased temperature decay would overlay the measured temperature 
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decay. Also, the unbiased temperature would greatly exceed the measured temperature. The 

implication is that the biased results are more accurate after PCT is reached. 

Figure 4.198 shows the PCT versus elevation plot where the unbiased and biased peak 

temperatures are compared with the measured peak temperatures. In its present form, the 

biased calculation is within the measured uncertainties of the data above the 26 in elevation. 

However at the lower elevations, the figure shows both calculations underpredicting the data. 

4.3.4.2.5 LOFT Test L2-3 

The LOFT L2-3 test was one of the tests performed early in the LOFT experimental LBLOCA 

test series with a nuclear core. The prime characteristic of the L2-3 test is the total core quench 

immediately after the blowdown peak temperature occurred. The quenching was caused by the 

pumps running at 100% (i.e. no coast down) throughout the transient. The pump operation can 

cause an early core flow recovery as the pumps cause cold leg flow to exceed break flow. The 

LOFT facility was highly susceptible to this core quenching phenomenon. 

The measured PCT occurred at the 15 in core elevation, as shown in Figure 4.199. That figure 

includes calculated temperatures from the unbiased and biased transients. The figure shows 

the blowdown peak well predicted from both calculations, while the reflood portion of the 

transient was overpredicted. Again, the code does not show the core quenching immediately 

after the blowdown peak. Missing the core quench immediately after blowdown contributes to 

the high temperatures calculated during reflood. 

The code calculated a much higher PCT for the L2-3 test, which occurred at the 24 in core 

elevation. Those results are compared with data in Figure 4.200. The calculations show similar 

behavior as was seen in Figure 4.199. Although the biased results are closer to the data, both 

calculations overpredict the data and are conservative. 

The PCT versus elevation plot is shown in Figure 4.201. From the calculated profile, the 

calculated results are skewed showing the peak temperatures centered at the 24 in core 

elevation. The measured results show a flat profile in that region because of the core wide 

quenching. The temperatures from the biased calculation are lower than the temperatures from 

the unbiased calculation. Both calculated results overpredict the measured temperatures. 
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4.3.4.2.6 Conclusions 

The evaluation of the S-RELAP5 biases using LOFT shows the expected results from the 

application of the biases. That is, the biases bring the code predictions more into line with the 

measured data for all four LOFT tests evaluated. For three of the four tests the code continues 

to demonstrate conservatism relative to the measured data. For Test L2-5, where the code 

prediction with biases no longer overpredicts the data, there has always been a concern with 

respect to the actual power for this test. Most previous analyses of this test have indicated that 

the power level from which the test was initiated is likely higher than the reported value. Thus, it 

is concluded that the biases produce the expected improvement in the comparison of 

calculation and measurement and that the code continues to demonstrate conservatism relative 

to the measured data. 

4.3.4.3 

The code biases were used to make S-RELAP5 assessment calculations of the Semiscale 

Tests S-06-3 and S-07-1. Previous S-RELAP5 assessment results have shown that the 

calculated PCT from each Semiscale assessment occurred at a different elevation than was 

measured. From the S-06-3 assessment, the measured PCT occurred at the 21 in elevation, 

while the calculated PCT occurred at the 27 and 30 in elevations. From the S-07-1 assessment, 

the calculated PCT occurred at the 81.5 in elevation, while the measured PCT occurred at the 

70.5 in elevation. Comparisons from both locations are presented for consistency. 

Evaluation of Biases with Semiscale 

4.3.4.3.1 Summary and Conclusions 

The bias evaluation using the Semiscale tests showed the expected trends because the 

predicted PCT in the high powered central region of the hot rod was reduced when the biases 

were applied. However, in test S-06-3, the comparison with data was not improved while for 

test S-07-1 the comparison with data, particularly in the high power central region of the hot rod, 

was improved. 

4.3.4.3.2 Semiscale Test S-06-3 

Figure 4.202 shows the unbiased and biased calculated temperatures compared with data at 

the 21 in core location where the PCT was measured. At that location, the S-RELAP5 

temperature from the assessment (unbiased) underpredicted the measured temperature. The 

calculated temperature from the bias case is lower than the temperature from the unbiased run, 
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the expected result. Figure 4.203 shows the calculated temperatures compared with data at the 

29 in core elevation, the calculated PCT level. In that figure, both calculated temperatures 

initially overpredict the measured temperature during the first 50 s of the transient. Because of 

the [ 

temperature from the unbiased calculation. 

] the temperature from the biased calculation is lower than the 

Figure 4.204 shows the PCT versus elevation plot from the S-06-3 calculation. As shown in the 

figure, the calculated peak temperature profile is shifted higher in core elevation than was 

measured. As expected, the biased results are lower than the unbiased results in the vicinity 

where the calculated PCT occurred. However, the biased profile crossed over and exceeded 

the unbiased profile above the 2.7 ft core elevation, while the LOFT L2-3 results show the 

crossover occurring above the 3.6 ft core elevation (Figure 4.201). The biased results are 

acceptable because they 'are lower than the unbiased results at the calculated PCT location. 

4.3.4.3.3 Semiscale Test S-07-1 

Figures 4.205 through 4.207 show the Semiscale S-07-1 temperature comparisons between 

measured, unbiased, and biased temperatures. Figure 4.205 shows the comparison at the 

measured PCT node, Figure 4.206 shows the comparison at the calculated PCT location, and 

Figure 4.207 shows the PCT versus elevation plot. In all figures, the biased results are lower 

the unbiased results and both calculations are conservative with respect to the data. 

4.3.4.3.4 Conclusions 

As expected, for both the Semiscale tests evaluated, application of the biases reduced the 

calculated PCT. For Test S-06-3, the overall comparison to the data was not improved. This is 

clearly shown in Figure 4.204 where the temperatures in the lower and upper parts of the rod 

are further from the data with the application of the biases. The results for Test S-07-1, with a 

12 ft core, are more consistent with the expected trends. The PCTs from the biased calculation 

are lower than the unbiased calculation in the central high power portion of the rod and are in 

better agreement with the measured data. While the comparison with data at the top and 

bottom of the rod are essentially unchanged between the biased and unbiased calculations 

relative to the data, the magnitude of the PCT is in good agreement with the data. 
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4.3.4.4 Conclusions from Bias Evaluation 

Overall the evaluation of the model biases showed the expected trends. The application of the 

biases resulted in a reduction in the maximum PCT predicted by the code, which is consistent 

with the observed tendency of the code to overpredict the data. In general, the reduction in 

PCT improved the comparisons between calculation and data, as should be expected if the 

developed biases are reasonable. This indicates that the biases developed from comparison of 

the code predictions and data for the SET assessments are affecting the code predictions 

consistent with the intent and expectations. 

4.4 Determination of Effect of Scale (CSAU Step 10) 

The basis for the analysis of a LBLOCA is the entire methodology being used, not just the 

basecode, S-RELAP5. When S-RELAP5 is referenced in this section, it means the combination 

of the code and the associated methodology. As noted in Appendix C of Reference 4, there are 

two premises which the assessment process is based. The first premise is that the tests are 

scalable to a LBLOCA and the second is that the models in S-RELAP5 and the implementation 

result in scalability of the code predictions. For the first premise to be true, the selection of tests 

needs to be such that all of the important phenomena in a PWR LBLOCA are captured by one 

or more appropriately scaled tests. For the second premise to be true, the phenomenological 

models in S-RELAP5 should apply to both the PWR LBLOCA and the scaled test. The scaling 

of the tests and of the phenomenology will be discussed in the following paragraph. 

Throughout the assessment program (Reference 5), S-RELAP5 was used to simulate a variety 

of tests. These tests are a significant portion of the basis for the RLBLOCA methodology, 

having been used to demonstrate the ability of S-RELAP5 to predict the test outcomes. 

Because of the cataclysmic nature of a design-basis LBLOCA, no tests exist that replicate it at 

full scale. All of the integral tests and some of the separate-effects tests are scaled. One 

exception is the UPTF, which is full-scale, but has no core and no steam generators. The ability 

of the scaled tests to capture the phenomena of the LBLOCA is then pivotal to the applicability 

of the assessments for S-RELAP5. 

4.4.1 Test Scaling 

Tests are scaled to preserve certain features of the full-scale phenomena. For this reason, tests 

with different scaling are used to address different phases or aspects of an LBLOCA. If a test is 
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considered appropriately scaled for the phenomena of interest, then assessment conclusions to 

that data is considered applicable to the full scale NPP. 

It has been shown (Reference 28) that scaling a test facility based on preserving the ratio of the 

power to the volume (power-to-volume scaling) results in substantially the same system 

response throughout the simulation, except for the behavior in the downcomer. For the 

downcomer component, the heat transfer with the wall is an important phenomenon, and it 

does not scale the same way. The SEMISCALE results showed entirely different flow patterns 

in the downcomer compared to the analogous LOFT. The Ishii-Kataoka scaling laws 

(Reference 29) are more general and have specific scaling laws for different phenomena. 

4.4.1 .I Blowdown 

Power-to-volume scaling for the blowdown period was demonstrated in Reference 4. Five 

system tests with powers from 1/48'h of a typical PWR to 1/30,000th were used as a basis for the 

comparison. Each of these facilities were scaled such that the ratio of power to volume was 

preserved. The peak temperature during blowdown was plotted as a function of linear power for 

each of these test facilities. The measured peak temperatures all fell within 350 F of a linear 

regression line (temperature versus LHGR). The data scatter for a single facility was as great 

as, or greater than, any differences between facilities. As a result, it is hard to conclude there 

are any scale effects occur in the blowdown peak. It is concluded that tests that preserve the 

power-to-volume ratio of a PWR will scale properly for the blowdown phase of the LBLOCA. 

4.4.1.2 Refill 

During refill and early reflood, scale dependent multi-dimensional flow behavior has been 

observed in the downcomer for facilities using power-to-volume scaling. The SEMISCALE and 

LOFT facilities were compared for analogous tests in Reference 28. Under ideal scaling, the 

two tests should have shown the same behavior. However, during the refill portion of the 

simulation, the downcomer flow was observed to be generally up for the SEMISCALE test 

before the pressure increase accompanying the emptying of the accumulator. For the 

analogous test in the LOFT facility , the flow was asymmetric; down for the regions near the 

intact loop and up for the region near the broken loop. This has been attributed differences in 

the downcomer gap and the distance between the cold leg penetrations. This allows multi- 

dimensional flow effects to dominate the flow in the LOFT facility, whereas they do not occur to 

the same extent in the SEMISCALE facility. The downcomer gap, volume and surface area-to- 
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fluid volume ratios do not scale between these two facilities in such a manner to preserve the 

transit time and the heat transfer to the fluid from the walls. 

The UPTF facility (Reference 30) was designed to simulate a four-loop 3900 MWt PWR primary 

system and to provide a full-scale simulation of thermal-hydraulic behavior in the primary 

system during the end of blowdown and refill phases of a PWR LBLOCA. The reactor vessel, 

the core barrel, and the greater part of the vessel internals are full-sized representations of the 

reference PWR, as are the four hot and cold legs that simulate three intact loops and one 

broken loop. The dimensions of the test vessel are those of the reactor pressure vessel of the 

reference PWR, with the exception that the vessel wall is thinner. The downcomer annulus, 

which is formed by the vessel wall and the core barrel, has a gap width that varies from 0.25 m 

(0.82 ft) in the lower part down to 0.21 m (0.69 ft) in the upper part. The loop geometry and flow 

areas correspond to the 4-loop PWR. 

With the exception of the wall thickness, the UPTF is full scale. The hot-wall effect should be 

slightly under estimated, because of the slight reduction in vessel mass and stored energy. 

However, there is an ample amount of metal in the vessel so that the UPTF tests should be 

applicable to the refill podion of an LBLOCA. 

4.4.1.3 Reflood 

Scaling issues associated with reflood were addressed in Reference 4, where the effects of refill 

scaling were removed from the data by comparing the temperature rise to reflood rates. The 

temperature rise considered is the change from the beginning of reflood to the PCT. 

Temperature rise data were collected for 8 facilities with volumes scaled from 1/21" to 1/1700th, 

all of which were power-to-volume scaled. Figure 34 of Reference 4 compares the temperature 

rise for all 8 facilities to the reflood rate. The data were fit with a regression relation and the 

tolerance bands added. As with the blowdown data, the spread in the data for a single facility 

was as great as or greater than the difference between the facilities. Tests which scale by 

maintaining the power-to-volume are applicable to the reflood phase of a LBLOCA. 

4.4.2 Code Scaling 

The issue of code scaling is primarily determined by the ability of the correlations and closure 

relations used to describe complicated thermal-hydraulic phenomena that are not treated from a 

mechanistic, theoretical approach. Generally, phase transitions, heat transfer, phasic 
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interactions and CHF fall in this category. The models, correlations, and closure relations used 

in S-RELAP5 are described in Reference 9. To a lesser extent, the numerical implementation 

may be subject to scaling issues. Generally, issues of numerics are treated by addressing the 

converged nature of the nodalization and time step criteria. This way, demonstrates that the 

computer code can solve the mathematical model correctly over the applicable range for the 

tests and the LBLOCA. This leaves the issue of scaling of the correlations and the closure 

relations employed in LBLOCA analysis. 

Code scaling evaluation will focus on those items identified by the sensitivity studies of PlRT 

phenomena as having the greatest impact on LBLOCA. Table 4.1 shows the results of 

sensitivity studies on the PlRT phenomena in a PWR LBLOCA. The models related to these 

and the scalability of each of these models are discussed in the following paragraphs. 

Items related to fuel rod performance are not affected by scaling, because the basis for the 

fuel-stored energy and dynamic response are based on RODEX3A (Reference 7), which has 

been benchmarked to fuel rod data. Similarly, decay heat models require no scaling. 

4.4.2.1 Post-CHF and Reflood Heat Transfer 

When heat flux from the fuel rods and any other metal masses exceed the CHF, the heat 

transfer is calculated using correlations specific to the heat transfer regimes. The single-phase 

vapor, transition boiling and film boiling regimes constitute the post-CHF heat transfer regimes. 

For each of these regimes, the effects of radiation heat transfer also are considered. 

Single-phase vapor heat transfer is the maximum of the Sleicher-Rouse correlation 

(Reference 31) for forced flow regimes (turbulent and laminar) and the turbulent natural 

convection heat transfer recommended by Holman (Reference 32). In general, the 

Sleicher-Rouse correlation determines the heat transfer. 

The natural convection heat transfer model is based on data from the flow between vertical 

plates. If the boundary layer is small compared to the diameter of the rod, then heat transfer 

through this layer would be very similar to that through the boundary layer on a plate. With the 

Prandtl number near unity and the rod diameter large compared to the boundary layer, the 

Holman formulation for natural convection heat transfer used in S-RELAP5 applies 

(Reference 33) as long as 
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9 2 3 5 . (Grp’’’ 

where D is the rod diameter, L is the length used in calculating the Grashof number and Gr is 

the Grashof number. When these conditions are met, the flat plate solution does not differ by 

more than 5% from the solution for the cylinder. In the turbulent flow regime, this implies 0.02 I 

D/L I 0.2. For a 17x17 fuel design, with a diameter of 0.376 in., the length can be as low as 1.9 

in. and as large as 19 in. [ 

] These fall well within the 

range of applicability of the natural convection heat transfer correlation. 

The Sleicher-Rouse correlation is valid for the following ranges: 

0.6 < Pr < 0.9 

1 0 4 < ~ e < 1 0 6  
T 

X 
->40 
D 

The Prandtl number (Pr) for steam at pressures below 50 psia and temperatures above 1000 F 

are all less than 0.9 (Reference 34). For lower temperatures, the Prandtl number is around 

unity. The steam Reynolds number (Re) for a typical limiting LBLOCA is approximately 5,000 

during the reflood phase. This falls slightly below the correlation limit for the Sleicher-Rouse 

correlation. Wall temperatures (Tav) easily meet the criterion, as does the length-to-diameter 

ratio (x/D). 

For the Prandtl number and the Reynolds number, the Sleicher-Rouse correlation falls slightly 

short of covering the conditions present in the LBLOCA. For the Prandtl number, the difference 

is quite small and the extrapolation should have little effect on the scalability of the calculations. 

For the Reynolds number, the LBLOCA falls somewhat further outside the region of applicability 

of the Sleicher-Rouse correlation. Heat transfer correlations such as Seider-Tate 

(Reference 35), Dittus-Boelter (Reference 36) and Sleicher-Rouse all have nearly the same 

(linear) Reynolds number dependence. In Reference 31 the Sleicher-Rouse correlation was 

compared to 120 data points and the standard deviation of the error was 4.2%. The 95% 
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tolerance range on these data would be +8.3% (=t119,97.5 x ofit = 1.98 x 4.2%). Treating the 

dependence as linear (because it is very nearly so) the tolerances for the ratio of predicted 

Nusselt number to the measured Nusselt number for a Reynolds number of x,, would be given 

by 

Where X is the mean of the Reynolds number and ox is the standard deviation. Inserting 

values here for the mean value of Reynolds number and for the standard deviation, the 

uncertainty in the extrapolated value can be obtained. Figure 4.208 shows the data from Figure 

1 of Reference 31 plotted with a linear x-axis. In this figure, the tolerance bands have been 

included. The uncertainty in the extrapolated value (Re = 5000) is not significantly increased as 

the turbulent regime is still applicable. 

In conclusion, the model for single-phase vapor heat transfer used in S-RELAP5 can be applied 

to a full-scale PWR LBLOCA. 

Transition boiling is not really a heat transfer regime in the sense that it can be characterized by 

a homogeneous, steady, heat transfer mechanism. It is a combination of dynamically varying 

heat transfer mechanisms, including nucleate boiling, film boiling and vapor heat transfer. The 

amount of time a region spends in one of these heat transfer modes determines the effective 

heat transfer rate. Very few measurements are available for transition boiling heat transfer and 

they do not cover a very wide range. In addition, the unsteady nature of the process makes 

modeling the process physically very challenging. 

Despite the complexity of this regime, exact modeling of the heat transfer is not particularly 

important for the LBLOCA because most volumes in the core move through this heat transfer 

regime rather quickly and are not sensitive to the details of the modeling. The main requirement 

for simulating the LBLOCA is that the point at which the code predicts the beginning and end of 

the transition region be reliable. In addition, the heat transfer in the transition region should be 

significantly better than the vapor heat transfer and it should remain below the CHF. 

The major assumption in modeling this regime is that it can be modeled by a combination of 

steady state boiling heat transfer to liquid and convective heat transfer to vapor. In this model, 
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the heat flux is bounded by the CHF at the lowest wall temperatures and it approaches the flux 

based on single-phase vapor heat transfer as the wall temperature rises. The heat transfer is 

based on a modified Chen correlation for transition heat transfer (Reference 18 and 37). This 

model makes a smooth transition from the CHF to the vapor, with the calculated fraction of 

liquid heat transfer based on the wall temperature. The Chen correlation has been tested 

against data and behaves adequately, which is sufficient for LBLOCA transition boiling. 

Film boiling occurs when the wall temperature exceeds the minimum temperature for stable film 

boiling and the void fraction lies in the appropriate range. The coolant consists of vapor and 

water droplets in this mode. The heat transfer mechanisms consist of boiling heat transfer to 

liquid droplets, convective heat transfer to vapor, and radiative heat transfer to droplets. 

1 

4.4.2.2 Scaling from Tests 

While analytical arguments (see prior section) can provide a basis for code scaling for selected 

cases, often the issue of scaling needs to be addressed by a comparison to test data. Code 

scaling and the tests making up the basis are discussed in the following paragraphs. 

4.4.2.2.1 Film Boiling Heat Transfer 

A series of tests was performed in the THTF at Oak Ridge National Laboratory to measure heat 

transfer at higher pressures and flows. These included 22 steady-state dry-out tests (Reference 
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44), 3 transient boil-off tests (Reference 45) and two sets of transient reflood tests (References 

46 and 47). The reactor core was simulated by an 8x8 array of heated rods with dimensions 

corresponding to those of a W 17x17 fuel assembly. The axial power shape was uniform. The 

FLECHT-SEASET used 161 full-length simulated fuel rods and axially-dependent power shapes 

(Reference 48). Based on rod count, these two test facilities differ by a scaling factor of 2.5. 

These tests were used to evaluate the film boiling heat transfer. Table 4.21 compares the 

ranges for LBLOCA calculations for parameters that affect heat transfer with the ranges covered 

by the THTF tests and FLECHT-SEASET. Given the near prototypic nature of the fuel rod 

simulators and the extent to which the tests span the applicable ranges for LBLOCA, it is 

concluded that the heat transfer models, including correlations and closure relations, in 

S-RELAP5 are sufficient to allow direct application to a PWR LBLOCA and that the uncertainties 

obtained from these tests are applicable. 

4.4.2.2.2 Core Entrain men t 

Entrainment of water droplets by the steam flow in the core can affect the predicted core cooling 

flow. The primary determinant of entrainment is the drag exerted on the liquid droplets by the 

steam flowing up out of the core. This drag, in turn, depends on the vertical flow regime in the 

core model. The determinants of the model applicability to a PWR LBLOCA are primarily local 

and, in the core, principally related to the conditions within the flow channel between the fuel 

rods. The axial effects predominate in this phenomenon. Radial redistribution is a second- 

order effect, in that it makes fluid available in a channel or removes it. The RLBLOCA 

methodology makes use of the TWOODEE component in S-RELAP5 to model the radial 

behavior in the core. 

The tests used in the assessments, CCTF (Reference 49), FLECHT-SEASET (Reference 48), 

and THTF (References 44, 45, 46, and 47), use bundles of full-length fuel rods. Achilles 

(Reference 50) also used full-length rods, but the gaps between the rods and the piping 

containing the rods caused some radial flow re-distributions which made it less suitable for 

confirming scaling of core entrainment. The LOFT and SEMISCALE Test S-06-03 cores were 

too short for entrainment scaling. Based on the comparisons to CCTF, FLECHT-SEASET and 

THTF, the core entrainment model in S-RELAP5 is conservative and will scale suitably to a 

full-scale PWR LBLOCA. 
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4.4.2.2.3 Critical Flow at Break 

The choked flow model used for FRA-ANP RLBLOCA analyses is the homogeneous equilibrium 

model (HEM) and not the Ransom-Trapp model (Reference 51). Choking for break flow occurs 

when the flow velocity reaches the speed of sound in the break. The critical flow model is not 

scale dependent, however, the Marviken Full-Scale Critical Flow Test data were used to 

determine the S-RELAP5 critical flow multipliers and uncertainties (Reference 5) as discussed 

in Section 4.3. 

The test facility consists of four major components: a full-scale BWR vessel, a discharge pipe 

attached to the bottom of the vessel, a test nozzle connecting to the downstream end of the 

discharge pipe and a rupture disk assembly attached to the downstream end of the nozzle. 

Nozzles of various length-to-diameter ratios are used in the tests. The Marviken test data have 

been widely used in assessing critical flow models of various system codes over a range of 

flows to confirm the scalability. The Marviken tests provide a suitable basis for code scaling 

verification and the determination of uncertainties. 

4.4.2.2.4 Carry-over to Steam Generator 

Steam binding in a LBLOCA is assumed to occur as a result of steam production in the steam 

generator. This steam production occurs when water carried over from the core enters the hot 

steam generator. The resulting vaporization expansion increases the pressure drop through the 

steam generator and produces steam binding that reduces the core reflood rate. 

The results from three test facilities were used to benchmark and verify the RLBLOCA 

methodology and S-RELAP5: Tests 54,62,67 and 68 (Reference 49) at the CCTF, Tests 10 

(Reference 52) and 29 (Reference 53) at the UPTF, and Tests 31203,31302,31701, and 

31 805 at FLECHT-SEASET (Reference 48). The FLECHT-SEASET tests have prototypic rods 

and spacers for PWR fuel, but the balance of the test facility bears little resemblance to a PWR. 

The UPTF is a full-scale simulation of a German PWR. The steam generators are replaced with 

steam separators and the pumps are simulated with mechanical resistance. The CCTF is 

scaled such that it is prototypic of a W PWR in the dimension parallel to flow and scaled down 

(-0.2) in the orthogonal directions. 

The UPTF has no core per se, and reflood is simulated with steam and water injection. The 

CCTF and FLECHT-SEASET have electrically heated rods in the core. The upper plenum 
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region was tested at full scale in the UPTF, as were the hot legs and the steam generator inlet 

plenum. The steam generator tubing geometry is prototypic in the CCTF (although the number 

of tubes is smaller). All these tests in the three facilities collected water carried over from the 

core under conditions representing the reflood phase of the LBLOCA and all three have 

additional collapsed liquid level measurements. As presented in Section 4.3, a study on 

carryover to the steam generator was performed using the CCTF. From that study, a bias on 

interfacial drag was determined to conservatively bound this phenomenon. The results of the 

CCTF (with bias), UPTF, and FLECHT-SEASET evaluations indicate that S-RELAP5 

overpredicts the entrainment of liquid from the test bundle (Section 5.6 and Reference 5). While 

each test by itself has some deficiencies in terms of simulating a PWR and in terms of scale, the 

combination of the three tests provides a substantial basis for evaluating modeling of the drag 

between the two phases during reflood at full scale. 

4.4.2.2.5 Pump Scaling 

The S-RELAP5 code has normalized single phase homologous curves for a full scale W reactor 

coolant pump as code default. The use of full scale data for the pump makes code scaling moot 

for the pump. These homologous curves are set to applicable values by entering plant specific 

values for rated head, torque, moment of inertia, etc. The coastdown of the pump is driven by 

the torque and moment of inertia of the rotating mass. The torque includes the effects of friction 

and back EMF (pump torque) and of the loop pressure losses (hydraulic torque). The single 

phase pump head and torque curves are adjusted for two-phase degradation based on 

experimental data. The EPRl two-phase degradation data (Reference 54) is based on pumps 

that are similar to PWR coolant pumps and represent best estimate parameters. 

4.4.2.2.6 Cold Leg Condensation 

Cold leg condensation was evaluated at a scaled EPRl test facility (Reference 55) to determine 

the accuracy of the calculated interfacial heat transfer between the ECC water and the steam in 

the cold leg. The principal portion of the test apparatus was the simulated cold leg, which was 

fabricated from straight pipe with an ID of 10.42 in. Two injection points were provided so that 

the pipe lengths downstream of the injection point approximated either a typical PWR cold leg 

scaled down to about one-third or the full length of the cold leg. The cold leg pipe length 
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downstream of the injection point for a typical Westinghouse PWR is about 16 and the cold leg 

ID is about 2.7. In the EPRl 1/3 scale test, the full length is approximately 15.6 feet, and the 

scaled length is 6. 

For vertical components and for horizontal components not in either the stratified or slug flow 

regimes, the condensation model is based on a model by Carpenter and Colburn 

(Reference 56) as formulated in Collier's book on heat transfer (Reference 57). For stratified 

and slug flow in horizontal components the heat transfer also is taken from Reference 57. 

These models are relatively insensitive to geometry and are expected to scale from the 

113 scale tests to full scale. In addition, these condensation effects were considered in the 

UPTF (see Section 4.3.1.1 1.2), which is full scale. 

4.4.2.2.7 Bypass of Downcomer by ECC Water and Lower Plenum Sweep-Out 

The scalability of the code predictions for the bypass of downcomer water is of particular 

interest because tests with fixed power-to-volume scaling do not show the same phenomena 

(LOFT L2-3 versus SEMISCALE counterpart Test, S-06-3, Reference 5). The major difference 

between these two tests was the behavior of the flow in the downcomer during the accumulator 

injection phase. In the LOFT test, the flows were down in the region of the downcomer near the 

intact loop and up near the broken loop before the accumulator empties. In the SEMISCALE 

test, it was up in both segments until the accumulator emptied. The differences were attributed 

to the scaling, which preserved power-to-volume but did not preserve downcomer volumes, 

gaps, and surface area-to-fluid volume ratios between the two tests. 

The UPTF test facility has full-scale downcomer, cold legs and hot leg. This makes code 

scaling a non-issue for this comparison to test data. Test 6 (References 58 and 59) Runs 131, 

132, 133, 135, and 136, and Test 7 (References 60 and 61), Run 203, were specifically 

designed to examine downcomer counter current flow behavior during blowdown, ECC bypass, 

and lower plenum refill with cold leg ECC injection. These interactions play a key role in 

determining the rate at which ECC water is able to refill the lower plenum. The tests were 

analyzed to demonstrate the ability of S-RELAP5 to self-limit counter current flow in the 

downcomer and predict reasonable refill behavior including ECC bypass compared to 

experimental data. The code comparisons focused on steam-water flow phenomena in the 

intact cold legs, the downcomer, and the lower plenum during the end-of-blowdown/refill phases 

of a LBLOCA. 
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In these tests, steam was injected in the core region, where it traveled downward to the lower 

plenum, then into the bottom of the downcomer. It then rose through the downcomer and exited 

at the broken cold leg. ECC injection (with and without nitrogen) entered from the cold legs at 

the top of the downcomer. Depending on the upward flow rate of the steam in the downcomer, 

the ECC water from the cold legs either bypassed to the broken cold leg or flowed down into the 

lower plenum. 

These tests were such that the code modeling for the several important phenomena could be 

compared to full-scale measurements, for the downcomer, multi-dimensional effects, 

condensation and non-equilibrium flow, countercurrent and slug flow and entrainment and 

de-entrainment. Since the steam was flowing out the bottom of the core, these tests also 

addressed lower plenum sweep out. The results of these assessments indicated that 

S-RELAP5, with the RLBLOCA nodalization (Reference 12), overpredicted the ECC bypass and 

lower plenum sweep out. 

4.4.2.2.8 Loop Oscillations 

Test 8 at the UPTF (References 62 and 63) investigated the behavior during the end-of- 

blowdown, refill, and reflood phases of a postulated LOCA with ECC injection. The focus of the 

test evaluations was the pressure and fluid oscillations in the cold legs. These oscillations arise 

when the steam is condensed by the ECC water and forms a liquid plug in the cold leg. The 

flow rate falls and the flow in the cold leg transitions to the stratified flow regime, allowing the 

steam flow to increase again. This sweeps the liquid out again. 

Test 8, Runs 11 1 and 112 was performed by isolating one intact loop at the pump simulator, 

opening a second intact loop to stabilize the pressure drop between the upper plenum and the 

downcomer, opening the break valves on the broken loop, injecting steam into the test vessel, 

and varying ECC water injection into the third intact loop cold leg downstream from the pump 

simulator. Thus the principle portion of the system relevant to the UPTF Test 8 used in this 

analysis consists of the cold leg piping for the third loop from the steam generator simulator to 

the pump simulator (including loop seal), the pump simulator, and the cold leg piping from the 

pump simulator to the vessel downcomer; all of which are full scale. 

The S-RELAP5 calculations for this test indicated that the code predicted the formation of a cold 

leg sub-cooled liquid plug and condensation at the face of that plug. This was consistent with 
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the data for the test, indicating that the code is capable of calculating the appropriate 

phenomena in a full-scale facility. 
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Table 4.1 Parameters Perturbed for PlRT Sensitivity Studies 
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Table 4.1 Parameters Perturbed for PlRT Sensitivity Studies (Continued) 
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Table 4.1 Parameters Perturbed for PlRT Sensitivity Studies (Continued) 

r 
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Table 4.2 Assessment Matrix 
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Table 4.3 Assessment Matrix Tests and Phenomena Addressed 
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Table 4.3 Assessment Matrix Tests and Phenomena Addressed (Continued) 
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Table 4.4 Large Break LOCA Nodalization 
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Table 4.5 PDTF SMART Tests Chosen for S-RELAP5 Verification 
and Validation 

~~~ ~ 

Test Designator Test Description 

KHOI B Reported HTP spacer test with constant flooding rate of 4 in/s 

KH02B Reported HTP spacer test with constant flooding rate of 2 i nk  

KH03B Reported HTP spacer test with constant flooding rate of 1 in/s 

KH05A Reported HTP spacer test with variable flooding rate from 8 to 1 in/s 
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Run Number 

5-1 8 

Table 4.6 Comparison of Effluent Temperature for the Plant- 
Consistent Model, WestinghouselEPRl 

Liquid, Data Liquid, Calculated Vapor, Data Vapor, Calculated 

189.0 195.30 188.0 239.61 

5-25 

5-24 I 222.0 1 238.65 I 281.0 1 280.71 

268.24 282.0 485.01 281 .O 

5-34 

5-52 

5-27 I 229.0 I 220.96 I 226.0 I 489.91 

228.0 229.35 221 .o 415.71 

209.0 200.98 230.0 237.75 

5-60 

6-4 1 

5-53 1 184.0 I 194.72 1 184.0 1 234.22 

231 .O 220.52 233.0 466.1 9 

195.0 198.91 197.0 267.1 1 

5-57 I 280.0 I 275.63 I 282.0 I 489.34 

6-65 182.0 198.95 182.0 226.42 

6-67 160.0 154.05” 159.0 235.07 

6-69 1 172.0 I 173.83 I 175.0 I 497.47 

6-73 168.0 192.22 169.0 224.37 

6-83 174.0 195.14 156.0 223.78 

6-88 I 172.0 1 170.89 I 174.0 1 510.17 

a Oscillatory results. Values presented are time-averaged value from 70 to 

100 seconds at 4-second intervals. 

6-93 I 134.0 I 133.00” I 134.0 I 215.81 

6-95 I 196.0 I 212.65 I 198.0 I 317.74 

6-99 151 .O 1 56.63” 153.0 280.97 

a Oscillatory results. Values presented are time-averaged value from 70 to 

100 seconds at 4-second intervals. 
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Start Time End Time 
Phase ( S )  ( S )  

Table 4.7 Test Phase Parameters for Test 10 Run 081 

Steam Injection Water Injection Rate 
Rate (kgls) (kg/s) 

(I b,/s) ( I  bJs) 

1 125 60 
276 132 35 75 

2 1 75 I 135 1 
3 

125 
276 

110 16 
243 35 135 196 

16 
35 

4 87 16 
192 35 195 255 

Phase 

1 

Table 4.8 Test Phase Parameters for Test 29 Run 212/211 

Steam Injection Rate Water Injection Rate 
Start Time End Time (kg/s) (kg/s) 

(S) ( S )  (I bJS) (I bJS) 

35 175 102 140 
225 309 

2 

3 

175 320 87 153 
192 337 

320 465 100 90 
221 198 

4 

5 

6 
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61 5 770 101 47 
223 104 

770 900 85 63 
187 139 



EMF-21 03(NP) 
Realistic Large Break LOCA Methodology for 
Pressurized Water Reactors 

Revision 0 
Page 4-1 34 

Table 4.9 Calculated Water Downflow Rates for the 0.3 MPa 
Test Series 
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Steam Injection Rate 
(kg/s) 

8.3 

9.3 

18.1 

24.0 

Table 4.10 Calculated Water Downflow Rates for the 1.5 MPa 
Test Series 

Water Injection Rate Water Downflow Rate Water Downflow Rate 
(kg/s) w/o CCFL (kg/s) w/ CCFL (kg/s) 

29.4 29.4 29.4 

29.4 29.4 29.4 

29.4 29.4 29.4 

29.4 29.4 19.1 
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Run 

Table 4.1 1 CCTF Test Conditions 

LPCl Flow - System Pressure 
Core Power (msi) (MPa) 

54 

62 

67 

ANSxl .O + Actinide * 1 .I 0.01 1 0.20 

ANSxl.2 + Actinide * 1 .I 0.01 1 0.20 

ANSxl.2 + Actinide * 1 .I 0.01 1 0.15 

68 I ANSxl .O + Actinide * 1.1 I 0.025 

Table 4.12 Summary Comparison of Measured and Calculated PCT, 
CCTF Tests 54,62,67, and 68 

0.20 

Run 

54 

62 

67 

68 

Framatome ANP Richland, Inc. 

Measured PCT Time of Measured Calculated PCT Time of Calculated 
(K) PCT (s) (K) PCT (s) 

1113 130 1147 257 

1132 154 1241 31 7 

1143 164 1300 357 

1122 144 1105 21 0 
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Table 4.13 Test Data for SCTF-II Tests Modeled 
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r Table 4.13 Test Data for SCTF-II Tests Modeled (continued) 
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PCT (K) 

Time of PCT 
( s )  

(s)  
Quench Time 

Table 4.14 Phase I Assessment Results, SCTF Tests 

s2-10 s2-11 S2-AC 1 S2-SH1 

Data 1 168.0 1085.0 1085.0 1 166.0 

S-RELAP5 1 193.0 1066.0 1073.0 11 12.0 

Data 193.5 125.5 127.0 251.5 

S-RELAP5 221 .o 123.5 129.0 183.1 

Data 564.0 458.5 510.5 628.5 

S-RELAP5 471 .O 235.0 309.0 403.0 

Quench Time 
( s )  

Table 4.15 Phase II Assessment Results, SCTF Tests 

Data 540.0 500.0 

S-RELAP5 362.0 374.0 

180.0 125.0 
I 

S-RE LAP 168.3 135.7 
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BLCL Pump Side Volume (ft3)** 

BLCL Vessel Side Volume (ft3) 

BLCL Vessel Side Flow Area (f?) 

Break Flow Area (t?) 

Total Pressurizer Volume (ft3) 

Table 4.16 PWR-LOFT Scaling Ratios 

85 13.19** 611 

4.123 2.3 2411 

4.123 0.09231 4511 

1800 34 5211 
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Table 4.1 8 Important PlRT Phenomena and Methodology Treatment 
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Table 4.1 8 Important PlRT Phenomena and Methodology Treatment (continued) 
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Table 4.19 Summary of Evaluated Uncertainties of key PlRT Parameters 
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Table 4.20 Film Boiling HTC Distribution Fit Parameters 
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Parameter 

Pressure (MPa) 

Mass Flux Vapor (kg/s-m2) 

Mass Flux Liquid (kg/s-m2) 

Table 4.21 Test Ranges for Film Boiling Heat Transfer Test Comparison 

Maximum Minimum 

Tests LBLOCA Tests LBLOCA 

8.2 10.8 0.13 0.22 

907 367 0 0 

4254 945 0 0 

Void Fraction 1 1 0.1 3 0.13 

Saturation Temperature O K  

Vapor Temperature O K  

Wall Temperature OK 

570 589 381 390 

1294 1160 384 39 1 

1525 1400 390 396 

Framatorne ANP Richland, Inc. 
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r 

Figure 4.1 PCT Signature for 3- and 4-LOOp NPP Base Case A 
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Figure 4.2 PlRT Sensitivity Histogram 
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Figure 4.3 Loop Nodalization for NPP i 
Frarnatome ANP Richland, Inc. 



EMF-21 03( NP) 
Realistic Large Break LOCA Methodology for 
Pressurized Water Reactors 

Revision 0 
Page 4-1 50 

i 
Figure 4.4 Reactor Vessel Nodalization for NPP 

Framatome ANP Richland, Inc. 



EMF-2103(NP) 
Realistic Large Break LOCA Methodology for 
Pressurized Water Reactors 

Revision 0 
Page 4-1 51 

Figure 4.5 CE 2x4 and Westinghouse 3- and &Loop Plant Vessel 
Downcomer Configurations 
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Figure 4.6 NPP Core Nodalization -Axial Plane 
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i 

Figure 4.7 NPP Core Nodalization - Cross-Sectional Plane 
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i 

Figure 4.8 NPP Upper Plenum Nodalization - Axial Plane 
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Figure 4.9 NPP Upper Plenum Nodalization - Cross-Sectional Plane 
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Figure 4.1 0 NPP Emergency Core Cooling System Nodalization 
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Figure 4.1 1 Double-Ended Guillotine Break Nodalization 

Figure 4.12 Double-Ended Split Break Nodalization 
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Figure 4.13  Comparison of Calculated HTC to Measured HTC, ORNL
THTF
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Figure 4.14  Frequency Distribution for Scale Factor for HTC, ORNL
THTF
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Figure 4.15  Bounding Distribution for HTC Scaling, ORNL THTF
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Figure 4.16  Comparisons of Void Profiles, ORNL THTF Test 3.09.10j
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Figure 4.19  Void Profiles at 40 Seconds for the 1 ft GE Test 1004-3
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EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-166

Framatome ANP Richland, Inc.

0.
0

1.
0

2.
0

3.
0

4.
0

5.
0

A
xi

al
 D

is
ta

nc
e 

(m
)

0.
0

0.
2

0.
4

0.
6

0.
8

Void Fraction

F
R

IG
G

−
2 

T
es

t 3
13

00
7

V
oi

d 
F

ra
ct

io
n

D
at

a
S

−
R

E
LA

P
5

Figure 4.21  Comparison of Calculated and Measured Void Fraction,
Frigg-2 Test 313007
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Figure 4.22  Comparison of Calculated and Measured Void Fraction,
Frigg-2 Test 313014



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-168

Framatome ANP Richland, Inc.

0.
0

1.
0

2.
0

3.
0

4.
0

5.
0

A
xi

al
 D

is
ta

nc
e 

(m
)

0.
0

0.
2

0.
4

0.
6

0.
8

Void Fraction

F
R

IG
G

−
2 

T
es

t 3
13

01
6

V
oi

d 
F

ra
ct

io
n

D
at

a
S

−
R

E
LA

P
5

Figure 4.23  Comparison of Calculated and Measured Void Fraction,
Frigg-2 Test 313016
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Figure 4.24  Comparison of Calculated and Measured Void Fraction,
Frigg-2 Test 313020
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Figure 4.25  Comparison of Calculated and Measured Void Fraction,
Frigg-2 Test 313060
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Figure 4.26  Comparison of Calculated and Measured Void Fraction,
Frigg-2 Test 313010
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Figure 4.27  Comparison of Calculated and Measured Void Fraction,
Frigg-2 Test 313013
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Frigg-2 Test 313030
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Figure 4.44  Steam Temperatures Calculated at 75.6 in and Measured
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Figure 4.46  Steam Temperatures Calculated at 75.6 in and Measured
at 72 in, FLECHT SEASET Test 31302
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Figure 4.50  Steam Temperatures Calculated at 82.8 in and Measured
at 84 in, FLECHT Skewed Test 13609
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Coefficient, FLECHT SEASET Test 32013
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Figure 4.59  Comparison of Calculated and Measured Heat Transfer
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Figure 4.60  Comparison of Calculated and Measured Heat Transfer
Coefficient, FLECHT Skewed Test 13914
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Figure 4.61  Accumulated Water Mass in the Test Section, FLECHT
SEASET Test 31805
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Figure 4.62  Accumulated Water Mass in the Test Section, FLECHT
SEASET Test 31504
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Figure 4.63  Accumulated Water Mass in the Test Section, FLECHT
SEASET Test 31203
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Figure 4.64  Accumulated Water Mass in the Test Section, FLECHT
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Figure 4.65  Accumulated Water Mass in the Test Section, FLECHT
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Figure 4.66  Accumulated Water Mass in the Test Section, FLECHT
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Figure 4.67  Accumulated Water Mass in the Test Section, FLECHT
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Figure 4.68  Accumulated Water Mass in the Test Section, FLECHT
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Figure 4.76  Average Rod Quench Time, FLECHT SEASET Test 31805
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Figure 4.77  Average Rod Quench Time, FLECHT SEASET Test 31203
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Figure 4.78  Average Rod Quench Time, FLECHT SEASET Test 31302
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Figure 4.80  Average Rod Quench Time, FLECHT SEASET Test 34209
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Figure 4.81  Average Rod Quench Time, FLECHT SEASET Test 32013
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Figure 4.82  Calculated Rod Surface Temperatures at 79 in for the
20-Volume Test Section Cases With Various Time-Step Sizes,

FLECHT SEASET Test 31504
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Figure 4.83  Calculated Rod Surface Temperatures at 79 in for the
40-Volume Test Section Cases With Various Time-Step Sizes,

FLECHT SEASET Test 31504
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Figure 4.84  Maximum Cladding Temperatures vs. Axial Elevation,
FLECHT SEASET Test 31504
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Figure 4.86  MCT vs. Elevation Comparison to Data for
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Figure 4.87  MCT vs. Elevation Comparison to Data for
2-in/s-Flooding-Rate Test, PDTF SMART
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Figure 4.90  Comparison of Break Mass Flow Rates, Marviken Test 2
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Figure 4.91  Comparison of Break Mass Flow Rates, Marviken Test 6
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Figure 4.92  Comparison of Break Mass Flow Rates, Marviken Test 8
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Figure 4.93  Comparison of Break Mass Flow Rates, Marviken Test 16
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Figure 4.94  Comparison of Break Mass Flow Rates, Marviken Test 17
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Figure 4.95  Comparison of Break Mass Flow Rates, Marviken Test 20
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Figure 4.96  Comparison of Break Mass Flow Rates, Marviken Test 22
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Figure 4.97  Comparison of Break Mass Flow Rates, Marviken Test 24
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Figure 4.98  Comparison of Break Mass Flow Rates, Marviken Test 25
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Figure 4.100  Break Flow Uncertainty, Marviken Tests
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Figure 4.101  Comparison of Calculated and Measured Effluent
Temperature for the Plant-Specific Model, Westinghouse/EPRI
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Figure 4.102  Cumulative Distribution Plots for CONMAS,
Westinghouse/EPRI
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Figure 4.106  Lower Plenum Liquid Level Comparison
UPTF Test 6 � Run 131
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Figure 4.107  Lower Plenum Liquid Level Comparison
UPTF Test 6 � Run 132
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Figure 4.108  Lower Plenum Liquid Level Comparison
UPTF Test 6 � Run 133
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Figure 4.109  Lower Plenum Liquid Level Comparison
UPTF Test 6 � Run 135
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Figure 4.110  Lower Plenum Liquid Level Comparison
UPTF Test 6 � Run 136
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Figure 4.111  Lower Plenum Liquid Level Comparison
UPTF Test 7 � Run 203
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Figure 4.112  UPTF Data/S-RELAP5 Cold Leg Temperature
Comparison, UPTF Test 8 Run 111
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Figure 4.113  UPTF Data/S-RELAP5 Flow Regime Comparison, UPTF
Test 8 Run 111
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Figure 4.114  UPTF Data/S-RELAP5 Cold Leg Temperature
Comparison, UPTF Test 8 Run 112



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-260

Framatome ANP Richland, Inc.

0.
0

60
.0

12
0.

0
18

0.
0

24
0.

0
T

im
e 

(s
)

0.
0

10
0.

0

20
0.

0

30
0.

0

Temp(C)[Data] or Flow Regime*10 [S−RELAP]

U
P

T
F

 T
es

t 8
 R

un
 1

12
C

ol
d 

Le
g 

F
lo

w
 R

eg
im

e 
C

om
pa

ris
on

A
39

1 
D

at
a 

(J
E

C
02

C
T

05
1)

A
90

0 
D

at
a 

(J
E

C
02

C
T

00
1)

flo
re

g−
31

80
10

00
0 

* 
10

 5
0 

=
 s

lu
g 

flo
w

10
0 

=
 s

tr
at

ifi
ed

 fl
ow

 5
0 

=
 s

lu
g 

flo
w

10
0 

=
 s

tr
at

ifi
ed

 fl
ow

Figure 4.115  UPTF Data/S-RELAP5 Flow Regime Comparison, UPTF
Test 8 Run 112
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Figure 4.116  Countercurrent Flow of Steam and Water
UPTF Test 10 Run 081
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Figure 4.117  Countercurrent Flow of Steam and Water
UPTF Test 29 Run 212/211
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Figure 4.118  Carryover to Steam Generators Test 10 Run 081
Beyond 150 sec.
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Figure 4.119  Cumulative Water Carryover to Steam Generators
Test 29 Run 212/211
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Figure 4.120  Counter Current Flow of Steam and Water,
UPTF Test 10, Run 080
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Figure 4.121  Upper Plenum Pressure Comparison
Test 10, Run 080
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Figure 4.126  Steam and Water Injection Rates for UPTF Test 11
1.5 MPa Series
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Figure 4.127  Steam and Water Injection Rates for UPTF Test 11
0.3 MPa Series
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Figure 4.135  Thermocouple Variation Range at the PCT Elevation,
ACHILLES ISP 25



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-281

Framatome ANP Richland, Inc.

Figure 4.136  Nitrogen Insurge Impact at 1.08 m, ACHILLES ISP 25
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Figure 4.137  Nitrogen Insurge Impact at 1.81 m, ACHILLES ISP 25
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Figure 4.138  Nitrogen Insurge Impact at 2.13 m, ACHILLES ISP 25
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Figure 4.139  Nitrogen Insurge Impact at 2.33 m, ACHILLES ISP 25
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Figure 4.140  Nitrogen Insurge Impact at 2.65 m, ACHILLES ISP 25
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Figure 4.141  Nitrogen Insurge Impact at 3.18 m, ACHILLES ISP 25
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Figure 4.142  Axial Velocities at 32.5 Inches, Asymmetric Flow - Test 1
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Figure 4.143  Axial Flow Fractions for Asymmetric Flow - Test 1
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Figure 4.144  Axial Velocities at 32.5 Inches, for Asymmetric Flow -
Test 2
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Figure 4.145  Axial Flow Fractions for Asymmetric Flow � Test 2



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-291

Framatome ANP Richland, Inc.

Figure 4.146  Axial Velocities at 32.5 Inches, for Asymmetric Flow -
Test 3
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Figure 4.147  Comparison of S-RELAP5 with Design Codes for
Asymmetric Flow - Test 1
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Figure 4.148  Comparison of PCTs Versus Core Elevations LOFT 
Test L2-3 with S-RELAP5 
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Figure 4.149  Comparison of PCTs Versus Core Elevations LOFT 
Test L2-5 with S-RELAP5 
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Figure 4.150  LOFT Test LP-02-6 Comparison of PCTs Versus Core 
Elevations 
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Figure 4.151  LOFT Test LP-LB-1 Comparison of PCTs Versus Core 
Elevations 
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Figure 4.152  Assessment of Semiscale LBLOCA Test S-06-3, PCTs
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Figure 4.153  Assessment of Semiscale LBLOCA Test S-07-1,
PCTs versus Elevation
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Figure 4.154  Upper Plenum Level, UPTF Test 10, Run 081
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Figure 4.155  Upper Plenum Level, UPTF Test 29 Run 212/211
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Figure 4.156  Liquid Level in Upper Plenum CCTF Test 54
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Figure 4.157  Liquid Level in Upper Plenum CCTF Test 62
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Figure 4.158  Liquid Level in Upper Plenum CCTF Test 67
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Figure 4.159  Liquid Level in Upper Plenum CCTF Test 68
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Figure 4.160  Upper Plenum Levels for FLECHT-SEASET Test 31805
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Figure 4.161  Upper Plenum Levels for FLECHT-SEASET Test 31203
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Figure 4.162  Upper Plenum Levels for FLECHT-SEASET Test 31302
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Figure 4.163  Upper Plenum Levels for FLECHT-SEASET Test 31701
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Figure 4.164  Comparison of Liquid Carryover for CCTF Test 54
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Figure 4.165  Comparison of Liquid Carryover for CCTF Test 62
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Figure 4.166  Comparison of Liquid Carryover for CCTF Test 67



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-312

Framatome ANP Richland, Inc.

Figure 4.167  Comparison of Liquid Carryover for CCTF Test 68
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Figure 4.168  Level in Broken Loop Catch Tank - UPTF Test 081
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Figure 4.169  Level in Intact Loop Catch Tank - UPTF Test 081
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Figure 4.170  Level in Broken Loop Catch Tank - UPTF Test 212
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Figure 4.171  Level in Intact Loop Catch Tank - UPTF Test 212
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Figure 4.172  Level in Separator Tank for FLECHT-SEASET
Tests 31805
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Figure 4.173  Level in Separator Drain Tank for FLECHT-SEASET
Tests 31805
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Figure 4.174  Level in Separator Tank for FLECHT-SEASET
Tests 31203
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Figure 4.175  Level in Separator Drain Tank for FLECHT-SEASET
Tests 31203
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Figure 4.176  Level in Separator Tank for FLECHT-SEASET
Tests 31302
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Figure 4.177  Level in Separator Drain Tank for FLECHT-SEASET
Tests 31302
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Figure 4.178  Level in Separator Tank for FLECHT-SEASET
Tests 31701
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Figure 4.179  Level in Separator Drain Tank for FLECHT-SEASET
Tests 31701
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Figure 4.193  LOFT LP-LB-1 Temperatures at Measured PCT Node 
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Figure 4.194  LOFT LP-LB-1 PCT Profile 
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Figure 4.195  LOFT LP-02-6 Temperatures at Measured PCT Node 
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Figure 4.196  LOFT LP-02-6 PCT Profile 
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Figure 4.197  LOFT L2-5 Temperatures at Measured PCT Node 
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Figure 4.198  LOFT L2-5 PCT Profile 
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Figure 4.199  LOFT L2-3 Temperatures at Measured PCT Node 
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Figure 4.200  LOFT L2-3 Temperatures at Calculated PCT Node 
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Figure 4.201  LOFT L2-3 PCT Profile 
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Figure 4.202  Semiscale S-06-3 Temperatures at Measured PCT Node
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Figure 4.203  Semiscale S-06-3 Temperatures at Calculated
PCT Node
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Figure 4.204  Semiscale S-06-3 PCT Profile
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Figure 4.205  Semiscale S-07-1 Temperatures at Measured PCT Node
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Figure 4.206  Semiscale S-07-1 Temperatures at Calculated
PCT Node
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Figure 4.207  Semiscale S-07-1 PCT Profile
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Figure 4.208  Sleicher-Rouse HTC for Steam Compared to Data
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5.0 Sensitivity and Uncertainty Analysis 

The objective of this section is to provide a statement of acceptability for each of the licensing 

criteria for the specified event. This is accomplished by evaluating the impact of the initial 

reactor state at the initiation of the specified event and determining a combined uncertainty 

statement. This combined uncertainty statement must address the biases and uncertainties in 

the important PlRT phenomena and the operating state of the NPP at the initiation of the event. 

5.1 

The dynamics of a NPP may be characterized by design, phenomenological, and process 

(or operational) parameters. Design parameters are fixed values, such as a pipe diameter. 

Uncertainties associated with using design and phenomenological parameters are addressed by 

maintaining strict adherence to nodalization and identifying phenomenological uncertainties 

from code assessment studies applying well-defined nodalization guidelines. This is discussed 

in Sections 4.2 and 4.3, describing CSAU Steps 8 and 9. In contrast, process parameters 

characterize the state of operation and are, to various degrees, controllable by plant operators. 

Realistic variations can be expected in these parameters and uncertainty may be quantified with 

experimental andlor analytical studies. 

Determination of Effect of Reactor Input Parameters and State (CSAU Step 11) 

5.1 .I Determining Important Process Parameters 

From an operational standpoint, the NPP operating state is a furidion of the time in cycle (via 

burnup and power distribution) and the actual conditions present in the various NPP 

components. The deterministic approach to supporting the allowed variations in the NPP is to 

identify conservative bounds that are applied during safety analysis. Considering the complex 

nature of a NPP, such a declaration of conservatism can be given based only on the first order 

expectation of the effect of the given parameter on key LOCA parameters (e.g., PCT). 

Competing or compensating effects are possible; however, addressing these issues can be a 

challenging task in deterministic safety analysis. In contrast, treating these process parameters 

statistically accounts for higher order behavior by including all possible combinations in the 

sample space. 

As part of the FW-ANP RLBLOCA methodology development, a review was performed to 

identify the NPP parameters that are to be addressed in the performance of a LBLOCA 

Framatome ANP Richland. Inc. 
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analysis. The identified parameters are provided in Table 5.1. The basis for inclusion in this list 

comes from three sources: PIRT, plant-specific technical specifications, and utility requests. 

Determination of which process parameters to treat statistically begins with identifying the 

relationship a particular parameter has to any PIRT phenomenon. Table 5.2 lists process 

parameters determined to be important based on their potential influence to the moderate-to- 

high ranked phenomena given in Table 3.4. Process parameters that may only influence low 

ranked phenomena also should be included if an explicit limit is stated in a plant's technical 

specifications. Finally, utility requests may require the addition of still more process parameters. 

Such requests may be asked for support of plant procedures not explicitly mentioned in the 

technical specifications. To support the PIRT, the technical specifications, and any utility 

requests, these parameters will be explicitly treated by the RLBLOCA methodology. The 

preferred method for treating these parameters is statistically; however, conservative methods 

also can be used in the absence of adequate data to support a statistical approach. 

5.1.2 Role of Sensitivity Studies 

Quantifying the effect of individual process parameters is [ 

] Nonetheless, sensitivity studies on the 

parameters given in Table 5.1 have been performed and included in the histogram presented in 

Figure 4.2. The primary value of these calculations is to establish a perspective on the level of 

importance a safety analysis team might give in quantifying process parameter uncertainties. 

For example, having insufficient information to support adequately describing a highly sensitive 

parameter may reduce the margin for key LBLOCA parameters such as PCT; while a 

conservative or bounding value may be easily justified for a parameter producing little sensitivity 

in the PCT. Table 5.3 ranks the results from a set of sensitivities performed for process 

parameters on both 3- and 4-loop PWRs (highest to lowest). The list is abbreviated to include 

only those parameters having significant sensitivity on PCT (i.e., >50 F). 

Sensitivity studies also may be used to justify not treating a parameter statistically. Parameters 

not treated statistically fall into two categories: those to be treated conservatively or those that 

are judged to be not significant. Parameters can be demonstrated to be insignificant by 
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sensitivity studies and/or by their relationship to low-ranked PlRT parameters. Conservatism 

should be demonstrated by sensitivity studies. The analysis team chooses which parameters to 

treat conservatively. 

5.1.3 Quantifying Statistical Quantities 

For the FRA-ANP RLBLOCA methodology there are a number of plant specific parameters 

which are treated statistically. 

5.1.3.1 General 

The identified process parameters shown in Table 5.1 are allowed to vary within a prescribed 

range throughout an operational cycle. The constraints on these ranges may be defined from a 

plant's technical specifications, some physical or operational limitation, or a utility request. For 

example, the accumulator pressure is allowed to vary within a prescribed operating range based 

on a plant's technical specification. Similarly, containment temperature is usually constrained by 

technical specification on high temperature; however, no limit may be expressed for the 

low-temperature range, which may come from plant data or by other means. 

While process parameters are expected to vary with plant operation, design constraints, given in 

the form of plant technical specifications, will provide a one- or two-sided limit on the variation. 

It should be noted that not all process parameters such as fuel state are explicitly constrained 

by technical specifications. For those operational parameters such as fuel state, other 

parameters having a direct effect on the operational parameter of consideration are constrained 

by the plant Technical Specifications (e.g., power peaking for the fuel state). 

Inherent in the FRA-ANP RLBLOCA methodology is [ 

] To treat a parameter statistically, the 

parameter uncertainty must be quantified in terms of biases and distributions. Quantifying this 

uncertainty with plant data is the best approach. At most plants, histories of core power, RCS 

flow rate, core inlet temperature, pressurizer and accumulator parameters, containment 

temperature, and diesel start times are available. In some instances, parameter uncertainties 

may need to consider two components of uncertainty: operational range and measurement. 

Operational uncertainty is defined as the true fluctuation of the parameter during normal 
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operation. Measurement uncertainty addresses the error associated with measuring the 

parameter. 

From analysis of plant data, the statistical distribution and uncertainty can be quantified. While 

measurement uncertainty is most often characterized by a normal distribution, no particular 

uncertainty distribution is expected describing operational variations. The choice of distribution 

may have implications as to how a utility manages the process parameter of interest. For 

example, using a uniform distribution may be attractive to a utility in that it will support the most 

flexibility in how they control a given parameter. Conversely, uniform distributions may be more 

conservative in that equal likelihood is given for values that reduce operation margin. 

Other distributions will be considered if supported by the data. Additionally, it is not likely that a 

parameter limited by a plant's technical specification will coincide with limits identified by plant 

data. Technical specifications often bound the nominal operational range. In this situation, the 

statistical distribution on measurement uncertainty may be adjusted to ensure that the Technical 

Specification limits are included in the parameter's sample space. 

An assessment of plant data provided for key process parameters has been performed for an 

existing 3-loop NPP. Table 5.4 summarizes the results of this assessment in terms of statistical 

distributions. In applications to other plants, such distributions may be different. 

5.1.3.2 Treatment of Time in Cycle 

The time in cycle establishes the fuel rod properties and the lower bound for the global power 

peaking factor, Fq. [ 

NRC approved methodology (References 64 and 65). Typically, fuel rod data for 20 to 40 

burnup steps are explicitly written from a cycle power history calculation. Fuel rod data is 

provided for the life of a fuel rod; however, sensitivity studies have been performed that show 

only fresh fuel assemblies are limiting (Appendix B). 

] Power history calculations are performed using an 

In contrast to a traditional safety analysis, which assumes conservative fuel rod models 

consistent with Appendix K requirements, [ 
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1 

1 

1 

The data produced by this method is used primarily to develop input for the RODEX3A code. 

[ 

5.1.3.3 Treatment of Axial and Radial Power Shapes 

1 

To support a plant's technical specification for the core peaking ,actor, Fq, the ax,J power 

shape must be adjusted from the nominal axial power shape extracted for the limiting fuel rod. 

During normal operation, Fq will most likely occur relatively near the nominal Fq represented in 

the power history files. [ 
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1 

1 

1 

1 

1 

1 

5.1.4 Supporting Ranges Without Data 

As shown in Table 5.1, some parameters lack explicit definition (technical specifications or 

data). For parameters for which no plant data is available, ranges may be established based on 

physical constraints or by, analytical methods. Examples of physical limits include ranging the 

vessel upper head temperature to a maximum value of the hot leg temperature or ranging the 

diesel start delay on the LPSl pumps to a time corresponding to when RCS pressure drops 

below the back pressure delivered by the LPSl pumps. It may also be demonstrated that a 

particular parameter has a limited range of influence based on a set of sensitivity studies. 

5.1.5 Reporting of Treatment of Process Parameters 

Many decisions are required to establish plant specific treatment of process parameters. Such 

decisions must be reported or referenced when issuing a safety analysis report. Because the 

ranges and statistical description of the behavior of plant parameters may vary from plant to 

plant, the safety analysis report will require an explicit discussion of the treatment of key 

process parameters. If no changes are made in the treatment of process parameters for 

subsequent analyses, the earlier report may be referenced. 

5.2 

5.2.1 Statistical Approach 

Performance of NPP Sensitivity Calculations (CSAU Step 12) 
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5.2.2 Application of Methodology 

The FRA-ANP RLBLOCA methodology is a statistics-based methodology; therefore, the 

application does not involve the evaluation of different deterministic calculations. [ 

] The methodology results in a bounding value 

with 95% probability and 95% confidence in the PCT. 

The PCT criterion is shown to be met with at least 95% probability and 95% confidence by 

comparing the 95/95 PCT value to the PCT criterion. Regulatory Guide 1.157 states that it is 

not necessary to explicitly consider the probability of meeting the other 10 CFR 50.46 criteria 

due to the strong dependence of the other criteria on PCT. Demonstration that the PCT 
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criterion is met with 95% probability and 95% confidence shows that the other criteria are also 

met with high probability as required by the regulation. In order to define values for peak local 

oxidation and total core oxidation, these values will be reported from the 95/95 PCT case. 

Application of this methodology relies on two computer codes: RODEX3A and S-RELAP5. All 

key LBLOCA parameters are calculated from S-RELAP5; RODEX3A is used to generate the 

initial fuel properties to be used by the fuel performance models in S-RELAP5. Performance of 

the RLBLOCA calculations relies on three analyst-created code input files describing the fuel, 

plant thermal-hydraulics, and containment thermal-hydraulics. The fuel model input is 

processed by the RODEX3A code, which will produce a binary file describing fuel properties. 

This file will be processed by S-RELAP5 during the steady-state initialization. During 

steady-state initialization, S-RELAP5 will process only the RODEX3A binary output file and the 

steady-state plant model input. The LBLOCA calculation is an S-RELAP5 "Restart" calculation. 

It relies only on the steady-state restart file, the S-RELAP5 LBLOCA transient input file, and the 

containment model input. The containment model input is similar to the original ICECON code 

(Reference 14), which evolved from the CONTEMPT code (Reference 20). Reportable 

LBLOCA parameters can be retrieved from the S-RELAP5 transient output file. Figure 5.1 

depicts the calculational framework. 

5.2.3 New RLBLOCA Analyses 

5.2.4 Ranging Uncertainty 

1 

1 

[ 
] For this reason the 

RLBLOCA analyst must have available a validated random number generator. The most 

common type of random number generator available on most UNlX workstations produces a 
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floating point value between zero and one. The random number generator provides sample 

values uniformly distributed. 

Random number generators require that a random number seed be defined before processing 

the random number function. Most random number generators use a default random number 

seed when no seed is provided. The RLBLOCA methodology does not provide a random 

number seed and relies on the random number generator to pick the seed. The random 

number seed is recorded, in order allow reproduction of the of random numbers. This provides 

calculation traceability and a mechanism for reproducing a set of calculations. 

Given that the random number generator provides uniformly distributed values between 0 and 1, 

other probability distributions must be mapped from these distributions. For this methodology, 

the common probability distributions applied to parameter uncertainty ranges are binary, uniform 

between two arbitrary numbers, and normal. A typical uniform random number generator 

produces values, r, ranging from 0 to 1. 

A uniform probability distribution function ensures an equal probability of selecting any given 

value over the range of interest. Using the uniform random number generator, a sample, z, 

from a uniform probability distribution function ranging between two points, a and b ,  is defined 

as 

z = a + ( b  - a ) .  Y 

A normal probability distribution function is the natural limit to the combination of many random 

events. Using the uniform random number generator; two samples, z1 and z2, for a normal 

probability distribution function can be created from two samples from a uniform distribution, rl 

and r2 (Reference 70) 

and 

z, = q + 0. sin(2.n. r,) . J-2. ~n(r,) 

where 17 and Dare the mean and standard deviation of the normal distribution, respectively. 
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Similarly, other distributions can be related to a uniform random distribution, so that a variety of 

probability distributions can be treated in the LBLOCA calculation. 

5.2.5 Parameter Initialization 

The key parameters identified for ranging have been summarized previously in Tables 4.1 and 

5.2. Table 5.6 presents these parameters as they relate to computer code input. 

5.2.6 Calculation Order 

] The key results are the PCT, maximum cladding 

nodal oxidation, and total core wide oxidation. 

5.2.7 Subsequent RLBLOCA Analyses 

1 

t 

5.3 

This section presents the results of a sample RLBLOCA analysis for a W 4-loop plant. An 

actual licensing analysis is in progress for a W %loop plant and will be submitted by the utility 

following the utilities review and acceptance of the analysis (Reference 16). 

Determination of combined Bias and Uncertainty (CSAU Step 13) 

This 4-loop sample problem was performed in accordance with the calculation framework 

shown in Figure 5.1 as described above and in more detail in Reference 13. The base input 

models for the fuel rod and NPP were developed as described above and in conformance with 

Reference 12. The input for the fuel rod code was developed based on an existing FRA-ANP 
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17x17 fuel assembly with 0.955 cm (0.376 in) fuel rods. The input for the NPP was developed 

based on information which was obtained for several different 3 and 4-loop plants and 

consequently can only be considered as representative of a 4-loop plant. However, the NPP 

input model is adequate to demonstrate the application of the FRA-ANP RLBLOCA 

methodology described in this report. 

The parameters treated statistically are listed in Table 5.6 and the values for the specific 

parameters and ranges addressed are given in Table 5.7. The distributions assumed for this 

sample problem are those given in Table 5.4. [ 

] The results of these 

calculations are presented in Figures 5.2 through 5.28. 

Figures 5.2 through 5.1 6 present scatter plots for the more important phenomena/parameters in 

the analysis. These scatter plots are provided to demonstrate that the methodology does select 

input which covers the phenomena/parameter ranges and associated distributions. In general, 

it is difficult to see the PCT dependence of an individual parameter from these scatter plots. 

This is primarily due to the fact that there are several major parameters and a conservative 

combination of these parameters is required to obtain the higher values of PCT. Based on this 

the following paragraphs will concentrate on a discussion of the LBLOCA criteria as addressed 

by the analysis. 

1 
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1 

1 

5.4 Determination of Total Uncertainty (CSAU Step 14) 

[ 
determined during the code assessments are either directly addressed in the statistical analysis 

or demonstrated to be a code consewatism which adds an additional unquantified conservatism 

to the reported results. The final results for the 4 - h p  sample problem can be summarized as 

follows: 

] the biases and uncertainties 

0 The 95/95 calculated PCT was 1686 F which compares to the criterion for maximum PCT of 
2200°F. 

0 The maximum nodal oxidation for the 95/95 PCT case was 0.8% which compares to the 
criterion for maximum nodal oxidation of 17%. 

0 The maximum total oxidation for the 95/95 PCT case was 0.02% which compares to the 
criterion for maximum total core oxidation of 1%. 
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Based on these results, it is concluded that the LBLOCA analysis for the sample W 4-loop plant 

meets the criteria for the LBLOCA event. 

With respect to the identification of the degree of conservatism in the analysis, a comparison 

can be made to the 50/50 probability value for the PCT. The 50/50 PCT at 1375°F is 31 1°F less 

than the 95/95 PCT. 
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Realistic Large Break LOCA Methodology for 
Pressurized Water Reactors 

Table 5.1 NPP Parameters for Consideration in the Performance of a 
Realistic LBLOCA Analysis 
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Table 5.2 Relationship of PlRT to Operational Parameters 

Table 5.3 Ranked importance of Process Parameters Relative to Plant Type 

Table 5.4 tatistical Distributions Used for a Sample 3-Loop PWR 
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Table 5.5  Number of Observations Required for a Desired
Tolerance:  Non-Parametric Methods

  95/95 Limit Required Observations

PCTL  59

PCTL-1  93

PCTL-2 124

PCTL-3 153

PCTL-4 181

PCTL-5 208

PCTL-6 234

PCTL-7 260

PCTL-8 286

PCTL-9 311

PCTL-10 336

PCTL-11 361

PCTL-12 385

PCTL-13 410
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Table 5.6 Relationship of Uncertainty Parameters to Computer Code Input 
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Table 5.7 Plant Operating Range and Fuel Design Supported by the 
LOCA Analysis 

e) SG tube plugging I l O %  
Plant Initial Operating Conditions 
2.1 Reactor Power 
a) Core average linear heat generation rate 
b) Peak linear heat generation rate 
c) Hot rod average linear heat generation rate 
d) Hot assembly linear heat generation rate 
e) Hot assembly burnup 
r )  MTC I 0  at HFP 
g) HFP boron Normal letdown 
2.2 Fluid Conditions 
a) Loop Flow 
b) Core Inlet Temperature 

Core power I 102% of 3250 MWt 
I 2.62' (normalized) 
I 1. 8t (normalized) 
c 1.731* (normalized) 
I62000 MWD/MTU 

122.6 Mlb/hr I M I 142.1 Mlb/hr 
550.0 I T 5556.6 OF 

Includes 5% measurement uncertainty and 3% manufacturing uncertainty. 
Includes 4% measurement uncertainty. 
Value equivalent to hot rod peaking factor without 4% uncertainty. ' 
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~ 

Table 5.7 Plant Operating Range Supported by the LOCA Analysis (continued) 

0.5 I A I 1.0 full pipe area 
(guillotine) 
On or Off 
Current per loop pump delivery 
(same as used in current Robinson 
Appendix K methodology) 
I 100 OF 
I 20.5 seconds (with offsite power) 
I 40 seconds (without offsite power) 
Bounding current configuration 
80 I TI 130 OF 
2 8 seconds 
1 LPSI, 1 HPSl 

d) Offsite power 
e) Safety injection flow 

r )  Safety injection temperature 
g) Safety injection delay 

h) Containment pressure 
i )  Containment temperature 
j) Containment sprays 
k) Single failure 
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Break Type 

Offsite Power Availabilitv 
Break Size (ft') 

Table 5.8 Summary of Major Parameters 
Describing Limiting PCT Case (Case 22) 

~~~ 

DEGB 

No 
3.72 (-90%) 

I Time (hrs) I 5850 
Core Power (MW) I 3297 
Core Peakina fFQ) I 2.44 " , - I  

Radial Peak (Fdh) I 1.8000 
Axial Offset 1-0.163 
Local Peakina (FI) I 1.098 

Diesel Start (s) 140.0 
Decay Heat Multiplier I 0.968 

Table 5.9 Summary of Results for the Limiting PCT Case (22) 

Temperature 1686 OF 
Time 34 seconds 
Elevation 9.4 ft 

% Oxidation Maximum 0.8 % 
% Total Oxidation 0.022 % 
Total Hydrogen 0.5 Ib 

Metal- Water Reaction 
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Figure 5.1 Calculation Framework 
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Figure 5.2 [ 1 
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I- 

Figure 5.3 [ 1 
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Figure 5.4 [ 
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Figure 5.5 [ 
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i 
Figure 5.6 [ 

1 
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Figure 5.7 [ 
1 
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Figure 5.8 [ 
1 
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Figure 5.9 [ 
1 
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Figure 5.10 [ 
1 
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Figure 5.11 [ 
1 

Framatome ANP Richland, Inc. 



EMF-21 03( N P) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page 5-37 

r 

Figure 5.12 [ 
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Figure 5.13 [ 
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Figure 5.14 [ 
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Figure 5.15 [ 1 
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Figure 5.16 [ 
1 

Framatome ANP Richland, Inc. 



EMF-21 03(NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page 5-42 

Figure 5.17 [ 1 
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Figure 5.18 [ 1 
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Figure 5.19 [ 
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Figure 5.20 [ 1 
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Figure 5.21 [ 
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Figure 5.22 [ 1 
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Figure 5.23 [ 
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Figure 5.24 [ 
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Figure 5.25 [ 
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Figure 5.26 [ 
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Appendix A Overview of Base Case and Sensitivity Studies 

A. 1 Base Case Analyses Description 

To demonstrate the range of applicability of the models used in the various sensitivity studies, 

four base case analyses are characterized in this Appendix. These are: 

3-loop PWR, worst break, worst single failure, nominal (1 00%) core power, and plant 

technical specifications on rod power, and cosine power shape, no RODEX3A. 

3-loop PWR, worst break, worst single failure, nominal (1 00%) core power, and plant 

technical specifications on rod power, and cosine power shape, no RODEX3A, no 

accumulator NP. 

3-loop PWR, worst break, worst single failure, high core power, and plant technical 

specifications on rod power, and top skewed power shape, no RODEX3A, no accumulator 

N2. 

4-loop PWR, worst break, worst single failure, high core power, and plant technical 

specifications on rod power, and top skewed power shape, no RODEX3A, no accumulator 

N2. 

The 3-loop PWR is an operating plant owned by a FRA-ANP customer with a 15x1 5 fuel design. 

The 4-loop PWR does not represent any particular 4-loop plant; however, it has the general 

dimensions typical of 4-loop PWRs. Those code models which may disguise the phenomena of 

interest for a given sensitivity study or add a computational burden to the problem have been 

removed for sensitivity study purposes only. These include the RODEX3A fuel model and 

accumulator nitrogen. With regard to RODEX3A, incorporation of the fuel model significantly 

increases calculation run times. A special suite of fuel rod studies was performed using the 

RODEX3A code. The key findings of these calculations are discussed in some detail in 

Appendix B. Accumulator nitrogen is neglected by using a valve at the accumulator exit that 

shuts off nitrogen flow as the accumulator completes discharging. The transport of the nitrogen 

has been shown to amplify code variability during late reflood, possibly disguising the effect of 

certain parameters expected to influence late reflood PCTs. 
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For these four base case input models, the plant and containment nodalization follow the 

governing guidelines issued at the time of model development (see References 15 and 16). 

Based on sensitivity studies using these input models only a few minor details have changed in 

the most recent revision of the guidelines. 

A.2 LBLOCA Calculation and Event Description 

From earlier sensitivity studies, the worst break size and worst single failure were identified. 

These parameters have been carried through most of the sensitivity studies performed during 

methodology development. The base case transients are well characterized by the event 

summary given in Table A.l. Figures A.l through A.4 show the PCT trends for the 3-loop 

nominal power case with nitrogen and a 3-loop nominal power, 3-loop high power, and 4-loop 

high power case modeled without accumulator nitrogen release. The plots identify two cases: 

"Base" and "Case 7". In the suite of sensitivity studies, case 7 was designed to be identical to 

the base case so that the results from these two calculations would overlay. This provided a 

check on the sensitivity study process. 

In general, the four base cases have very similar trends. The LBLOCA is initiated at time 0.0 s 

by a postulated large rupture of the reactor coolant system (RCS) primary piping. The worst 

break size for the 3-loop model is the 70% DEGB and for the 4-loop model, it is the 100% DEG. 

Based on deterministic studies, the worst break location was identified as being in the cold leg 

piping between the reactor coolant pump and the reactor vessel for the RCS loop containing the 

pressurizer. The break initiates a rapid depressurization of the RCS. A reactor trip signal is 

issued at about 0.7 s when the low pressurizer pressure trip setpoint is reached; however, 

reactor trip and scram are conservatively neglected in the analysis. The reactor initially 

shutdowns by coolant voiding in the core region. 

For these break sizes, a rapid depressurization occurs, along with a core flow stagnation and 

reversal. This causes the fuel rods to experience departure from nucleate boiling (DNB) within 

a few seconds of the break. Subsequently, the limiting fuel rods dissipate heat via the film and 

transition boiling heat transfer regimes. The coolant voiding presents a strong negative 

reactivity contribution to the nuclear reaction and core fission ends. As heat transfer from the 

fuel rods is reduced, the cladding temperature rises. 
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Within the first few seconds, coolant in all regions of the RCS begins to flash. At the break 

plane, the loss of subcooling in the coolant results in substantially reduced break flow. This 

reduces the depressurization rate, and for the 4-loop leads to a period of positive core flow. The 

3-loop result shows reduced downflow as the reactor coolant pumps in the intact loops continue 

to supply water to the vessel. Cladding temperatures are reduced from this blowdown cooling 

period in the 4-loop calculation; while, the 3-loop only shows a reduction in the rate of heatup. 

This positive core flow or reduced downflow period ends as two-phase conditions occur in the 

reactor coolant pumps, reducing their effectiveness. Once again, the core flow reverses as 

most of the vessel mass flows out through the broken cold leg. 

The mitigation of the LBLOCA begins when the safety injection actuation signal (SIAS) is 

issued. This occurs from high containment pressure. A worst single failure be considered for 

ECCS safety analysis. This single failure is assumed to be the loss of one low-pressure safety 

injection pump. The on-time start of containment spray and fan coolers is also assumed. 

The RCS pressure falls below the accumulator pressure within 13 s. When this happens, fluid 

from the accumulators is injected into the cold legs. In the early delivery of accumulator water, 

high pressure and high break flow drive some of this fluid to bypass the core. Core heat 

transfer remains poor and the fuel rod cladding temperatures increased. As RCS and 

containment pressures equilibrate (around 25 s), ECCS water begins to fill the lower plenum 

and eventually lower portions of the core; thus, core heat transfer improves and cladding 

temperatures decrease. 

Around 55 s, the relatively large volume of accumulator water is exhausted and core recovery 

must rely only on LPSl pump delivery of coolant. At this time (shown only for the case given in 

Figure A.I), the nitrogen gas used to pressurize the accumulator is transported out of the ECCS 

and RCS through the break. This may result in a short period of improved core heat transfer as 

the nitrogen gas displaces water in the downcomer into the core. After the accumulators have 

been exhausted, the LPSI coolant may (3-loop, nominal power cases) or may not (high power 

cases) be able to sustain cooling given the core decay heat and higher steam temperatures 

created by quenching of the lower portions of the core. The peak fuel rod cladding 

temperatures may increase for a short period until more energy is removed from the core from 

LPSl pump delivery and decay heat is reduced. Steam generated from fuel rod rewet entrains 

liquid and passes through the vessel upper plenum, the hot legs, the steam generator, and the 
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reactor coolant pump before it is vented out the break. The resistance of this flow path to the 

steam flow is balanced by the driving force of water filling the downcomer. This resistance acts 

to retard the progression of the core reflood and postpones core wide cooling. Eventually 

(within a couple of minutes of the accident), the core reflood progresses sufficiently to ensure 

core wide cooling. Full core quench will come in a matter of minutes after core wide cooling. 

Long-term cooling is then sustained with the residual heat removal system. 

A.3. Sensitivity Studies Overview 

Many sensitivity studies were performed in the development of the FRA-ANP RLBLOCA 

methodology. A detailed discussion of each study is not practical. It is important to present the 

evolution of these studies in order to demonstrate a pedigree for the methodology and to define 

ranges of applicability for these sensitivity studies. Table A.2 outlines classes of sensitivity 

studies that have been performed, explains the objective of these calculations, and presents 

general conclusions drawn from these calculations. 

The basic philosophy in performing the earliest sensitivity studies was to first identify a best- 

estimate, "worst" case model. These models were characterized by a worst break size, worst 

single failure and plant technical specifications for hot rod power. Power distributions 

resembled a cosine shape. The 3-loop, nominal power cases conform to this description. This 

approach was considered to provide a bounding result to a "nominal" LBLOCA. It was later 

recognized that some of these assumptions may not extrapolate to even more limiting 

conditions. In consideration of this possibility, studies were performed at high powers and with 

top skewed power profiles to examine sensitivities near the criterion on peak clad temperature. 

For this reason, the high powered, 3- and 4-loop models were prepared and executed. 

The results from the sensitivity studies sometimes deviated from the descriptions given in 

Section A.2. Underlining each of these studies are various assumptions about nodalization, the 

modeling of particular phenomena, runtime sequence, and plant state (nominal vs. "limiting" 

conditions). As the methodology developed, such issues evolved and are now reflected in the 

guidelines for performing RLBLOCA analyses (References 15 and 16). In general, quantitative 

results only represent one component of what may be defined as a "good" or "bad" result. In 

evaluating results, qualitative trends and deviations from the base cases have also been 

considered, 
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"Is the expected sensitivity present?" 

0 "If not, is this important?" 

0 "If so, how do I capture this in a guideline?" 

To answer this and other questions, the CSAU methodology recommends that the PlRT be 

considered. This has been followed during the methodology development. 
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Event 

Analysis Initiated 

Table A.l Base Case Large Break LOCA Approximate Sequence of 
Events Table 

W 3-IOOp W 3-IOOp HP 
Times, sec Times, sec 

0.00 0.00 

Intact Loop Accumulator/ SIT Flow Initiated 

End of BypasdBeginning of Refill 

Break Opened 

13 13 

25 25 

j 0.0 

PCT Occurred 

i 0.0 

28 140 

Safety Injection Signal I 
Broken Loop Accumulator/ SIT Flow Initiated 1 8 

Broken Loop Accumulator/ SIT Empties I 55 I 55 

Beginning of Reflood I 30 i 30 

Intact Accumulator/ SIT Empties I55,57 155,57 

- W 4-IOOp HP 
Times, sec 

0.00 

0.0 

<1 

8 

13 

25 

55 

30 

55,57 

111 
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Table A.2 Sensitivity Studies Performed for Methodology 
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Table A.2 Sensitivity Studies Performed for Methodology 

Frarnatorne ANP Richland, Inc. 



EMF-21 03(NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page A-9 

r Table A.2 Sensitivity Studies Performed for Methodology 

Framatome ANP Richland, Inc. 



EMF-2103(NP) 
Realistic Large Break LOCA Methodology for 
Pressurized Water Reactors 

Revision 0 
Page A-1 0 

600.0 

1200.0 

h 

Y 
v 

2 
2 1000.0 e 
a, 
Q 

k 
c 

E 
c 
.- 
2 800.0 
r 
v) 

2 

620.0 

r "\ 

600.0 

- Base 
+ Case 7 

620.0 

1620.0 

s 
n, 
rn 
5 

z 
d 

1120.0 4 
2 

c 
% 
3 
n 

C 

h 

v 

1200.0 

h 

Y 
2 
3 1000.0 e 
a, 
Q 

l- 
C 
0 

LZ 
v) 

E 
c 
.- 
a 800.0 

r" 

- Base 
+ Case 7 

1620.0 

z 
$ 
5 

z 
2 

1120.0 4 
2 

$ rc 

(D 
h n 
v 

Figure A.2 PCT independent of elevation for the 3-loop plant at 
nominal power with accumulator nitrogen effects 

Framatome ANP Richland, Inc. 



EMF-21 03(NP) 
Realistic Large Break LOCA Methodology for 
Pressurized Water Reactors 

Revision 0 
Page A-1 1 

600.0 

1600.0 

- 1400.0 Y 
22 
3 c 

5 1200.0 

E 
E 1000.0 

0. 

l- 

0 

.K 
v) 

a 

2 800.0 

I I 620.0 

b - Base 
+ Case 7 

2120.0 z 
CD 
v) 
3- 

z 
5 

1620.0 2 
4 
2 

1120.0 2 
-n 

-0 

C 

v 

Figure A 3  PCT independent of elevation for the 3-loop plant at high 
power without accumulator nitrogen effects 

h 

Y 1200.0 

E 1000.0 

a, 
3 

a, 
Q 

I- 

L 

c 
F 

c 
C .- 
2 
.K 

v, 800.0 2 

z 
$ 

1620.0 
2. 
2 

’D 
(D 

1120.0 $ 
i3 
h 

-n 
v 

8 1 600.0 I 620.0 
0.0 100.0 200.0 300.0 

Time (s) 

Figure A.4 PCT Independent of Elevation for the 4-loop Plant at High 
Power Without Accumulator Nitrogen Effects 

Framatome ANP Richland, Inc. 



EMF-2103( NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page B-I 

Appendix B Conservatisms 

Among the major assumptions stated for the FRA-ANP RLBLOCA methodology are 

declarations of adopted conservatism. Such declarations are not always physically intuitive. In 

these instances, sensitivity studies have been performed to arrive at the stated conclusions. In 

this appendix, selections of calculations are presented to support some of the statements of 

conservatism presented in this methodology document. 

B. 1 

Only fresh fuel assemblies are specifically analyzed in the RLBLOCA methodology. By 

considering “Time-in-Cycle” as an uncertainty parameter, identification of a limiting hot rod and 

hot assembly is required. The motivation for this limitation is the necessity for a strategy that 

demonstrates that the methodology realistically supports the limiting conditions during an 

operation cycle. Core loading experience supports the premise that fresh fuel assemblies tend 

to give limiting peak assembly powers during a cycle. Cycle-to-cycle burnup will have two 

effects on PCT: reduced power and stored energy. Both of these factors are highly-ranked 

phenomena based on the PIRT given in Table 3.4 and their reduction will contribute to lower 

PCTs. However, the criterion for identifying the hot rod is based on the maximum core peaking 

factor Fq. Fq will fluctuate during a cycle creating the opportunity for burned or gadolinia 

bearing fuel assemblies to become limiting. This sensitivity study examined the question of 

whether this fluctuation in Fq creates the possibility that second or third cycle fuel could be 

limiting. 

Analysis for Fresh Fuel Assemblies Only 

To evaluate the position that fresh fuel is limiting, a series of deterministic sensitivity studies was 

performed using models representing 3- and 4-LOOp PWRs with 15x1 5 and 17x1 7 fuel designs, 

respectively. The validation strategy was to examine PCT sensitivity at BOC, MOC, and EOC 

for fresh and once burnt fuel for a 3-loop and 4-loop PWR. The analysis presented in this 

section was performed similar to the RLBLOCA methodology that sets the limiting rod at the 

technical specification limit for radial power peaking (FAh) including uncertainties. 

Following the methodology as described in Section 5.1.3.2, RODEX3A and S-RELAP5 input 

was created describing the fuel conditions and power distributions at various times in life. To 

eliminate the contribution of radial power dependency on burnup, all calculations were 

performed with the same radial power distribution used in the base cases (see Appendix A). 

Framatome ANP Richland, Inc. 



EMF-2103( NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page B-2 

Assembly lifetime was assumed to extend to two operational cycles. The calculations were 

performed as described in Section A.2. with the addition of the RODEX3A fuel rod models. 

Tables B.l. and B.2 show the results from the studies for the 3- and 4-loop PWRs, respectively. 

Figures B.l. and B.2. show the PCT traces comparing the results of cycle 1 BOC (BOC1) vs. 

cycle 2 BOC, MOC, and EOC for the two plant types. As shown in the tables and figures, the 

PCT calculations using fresh fuel, cycle 1 fuel, generally bounds the once burnt, cycle 2 results. 

By using the same radial power distribution in each case, the only two differences between the 

calculations are fuel rod material properties and axial shape. Examination of the power shapes 

show that case-to-case differences are subtle for the BOC and MOC cases; thus, supporting the 

conclusion that the material property differences have the most influence the results. The 

material property changes reduce stored energy. This effect on stored energy is best observed 

during the blowdown and refill phases of the LBLOCA as can be observed in Figures B. l  and 

8.2. The axial shapes for the EOC cases show some differences in the PCT location. The 

EOC2 case has a higher power peak in the top portion of the core. This explains why the PCT 

calculated in the EOC2 cases in the 3- and 4-loop calculations is greater than the EOCl. The 

small differences shown in PCT is inconsequential, because the once burned fuel at EOC is not 

likely to be near the FAh technical specification limits. Thus, the higher PCTs for the EOC2 fuel 

compared to the EOCl fuel, clearly are driven by unrealistic increasing the EOC2 fuel power. 

The conclusion drawn from this study is that because of the reduction in power and stored 

energy with burnup, fuel assemblies residing in the core for more than one cycle will not be 

limiting. For this reason, the FRA-ANP RLBLOCA methodology has chosen to only analyze 

fresh fuel assemblies. 

B.2 Analysis without Clad Swelling and Rupture 

Cladding swelling and rupture is a possibility whenever fuel temperatures are highly elevated. 

Before rod failure, the cladding is expected to swell like a balloon. At some point, the material 

stresses within the cladding will yield to the internal pressure and the fuel rod will fail. Cladding 

temperatures will be influenced by three additional conditions as a result of swelling and rupture. 

These are increased cladding surface area, increased gap size, and reduced assembly flow 

area or blockage. With regard to PCT, these are competing effects. The larger surface area 

and gap size will act to reduce cladding temperatures; however, flow blockage may prevent rod 
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locations above the rupture point from receiving coolant and increase temperatures above the 

rupture location. 

Cladding swelling and rupture is a required model for 10CFR50 Appendix K analysis. 

NUREG-630, "Cladding Swelling and Rupture Models," outlines acceptable models for 

describing swelling and rupture. The S-RELAP5 code used within the FRA-ANP RLBLOCA 

methodology has the same cladding swelling and rupture model used in existing FRA-ANP 

Appendix K licensing methodologies (model based on those described in NUREG-630). 

Experience with Appendix K methodologies has shown that the use of swelling and rupture 

models produce less conservative PCTs than when neglecting this phenomenon. To assess 

how this model performs with the FRA-ANP RLBLOCA methodology, a sensitivity study was 

performed for both a 3- and 4-loop PWR with 15x1 5 and 17x1 7 fuel designs, respectively. 

Figures 8.3 and B.4 show the PCT sensitivity to fuel rupture. In both instances, the case 

modeling fuel rupture shows a significant decrease in rod temperature. This is evidence that 

despite the blockage effect, the increased fuel rod surface area and the increased thermal 

resistance across the fuel-cladding gap resulting from swelling provides the dominant influence 

on the temperature transient. By the RLBLOCA methodology not treating rod swelling and 

rupture, the phenomena is conservatively bounded. 

B.3. Radial Power Distributions 

1 

1 

1 

1 
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1 

A set of ten radial power cases were designed for this study. These cases were analyzed using 

the 3-loop plant model. This same study was also performed for the 4-loop plant; however, 

results from that study showed little sensitivity since the transient in the 4-loop plants 

experiences quicker mitigation. The ten cases are summarized in the table below. The 

abbreviation HA identifies the hot assembly, SA identifies the surrounding assemblies, AA 

identifies the average assemblies, and CA identifies the cold assemblies. Those cases 

identified as "High" power had the core powers raised so that predicted peak cladding 

temperature results would be near the criterion. Given the original base case 

(HA>SA>AA>CA), averaging the peaking factors as defined in the table was all that was 

necessary to derive the other cases. The one exception is the HA>SA = AA>>CA. In this case 

the cold assembly power was assumed to be 20% less than the base case value. 

I HA>SA>AA=CA I Nominal 
HA>SA>AA>CA I High 
HA>SA=AA=CA I Hiah 

I HA>SA=AA>CA 1 High 
HA>SA=AA>>CA I High 
HA>SA>AA=CA I High 

Figures B.5 and B.6 show the results from this study for the high power cases and the nominal 

power cases, respectively. In a separate study examining the effect of accumulator nitrogen on 

code variability, this same set of ten cases was redone. Figures 8.7 and B.8 show the results. 

For the two plots showing the high power results, the case HA>SA=AA=CA stands out as 

having the highest PCT. While the most peaked case, HA>SA>AA>CA, does not show a 

second reflood peak in either case. At the nominal power, the trends are less pronounced. 
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1 

B. 4. Pump Two-Phase Degradation 

During a LOCA event in a PWR, the reactor coolant will reach saturation conditions and a 

two-phase mixture of steam and water will circulate through the coolant loops and through the 

reactor coolant pumps (RCPs). The LOCA will result in pump operation far from rated 

conditions for single-phase fluid flow and may induce reverse flow and a negative pressure 

differential. In a large break LOCA, this period occurs for a brief time shortly after the break 

opens. The head generated by RCPs during this period can significantly enhance heat transfer 

in the core and may limit the rise in cladding temperature and, in some cases, actually reduce 

cladding temperatures during this period. Most safety analysis conservatively assumes RCP 

trip to reduce the effectiveness of the pumps to enhance heat transfer during blowdown. 

The LBLOCA PlRT developed for the FRA-ANP RLBLOCA methodology ranks pump two-phase 

degradation as high. For this reason, sensitivity studies were performed examining the effect of 

a more severe degradation model on PCTs. As shown in Figures B.9 and B.10, the two-phase 

degradation of the Semiscale pump bound the two-phase characteristic of other well known 

pump experimental programs (figures come from NUREG-1230, "Compendium of ECCS 

Research for Realistic LOCA Analysis," Reference 2). 

The Semiscale pump model can be defined for an S-RELAP5 RLBLOCA calculation through 

input. The S-RELAP5 pump model describes pump behavior by single-phase homologous 

curves, two-phase, fully degraded homologous curves, and void-dependent degradation 

multipliers for head and torque. The head across the pump is computed as: 

where H,, , H I , ,  HDEGuD and M ( a )  are two phase head, single-phase head, fully degraded 

head and degradation multiplier (a function of void fraction), respectively. A similar description is 

used for predicting the hydraulic torque for the pump. 
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In the sensitivity studies the single-phase homologous curves ( H I @ )  used for all cases are 

supplied by the default Westinghouse pump data that is coded in S-RELAP5. The model 

describing two-phase degradation (H,,,, and M ( a ) )  is entered as tabular input to 

S-RELAP5. For the base case, the default EPRI-CE data (Reference 59) for two-phase 

degradation is specified. The sensitivity study examined replacing the EPRI-CE degradation 

model with the Semiscale degradation model. The degradation model is only applied when two- 

phase conditions are present in the pump. During the rapid blowdown resulting from a 

LBLOCA, this period lasts about 10-15s following the break. 

The PCT results, relative to the three base cases without accumulator nitrogen, are shown in 

Figures B.13 - B.15 (extracted for the time period of interest). For the 3-loop plant cases, no 

sensitivity is evident. This is the expected result, since the break size chosen was selected to 

minimize the enhanced blowdown heat transfer provided by the pumps. The 4-loop plant case 

does show an increase in the blowdown peak PCT of about 18 OF (10 K). 

The PCT change of 18 O F  well within the expected variability of the results which is about 30 OF 

(see Appendix C). In hindsight the pump degradation does not appear to be as significant of a 

parameter as originally anticipated. This result is consistent with the original work performed on 

the CSAU methodology (Reference 4). Since it has been demonstrated that increased pump 

degradation is not an important PlRT phenomena, the best-estimate EPRI-CE degradation 

model will be used in the RLBLOCA methodology. 
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Case 

# 

1 

2 

3 

Table B.l Key results for burnup studies for a 3-loop PWR at tech-spec radial power 

Case PCT Delta Temp Calc Fa 

Temp (F) 

BOCI (basecase) 1662.8 0.0 2.091 

MOCI 1676.5 13.7 2.180 

EOCI 1533.7 -129.1 2.086 

4 

5 

BOC2 1500.3 -162.5 2.144 

MOC2 1580.4 -82.4 2.106 

6 I EOC2 I 1564.4 I -98.4 I 2.088 

Table 8.2 Key results for burnup studies for a 4-loop PWR at tech-spec radial power 
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Figure B.l PCT traces comparing a fresh fuel assembly at BOC to 
once burnt fuel at BOC, MOC, and EOC (3-loop, tech-spec power). 
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Figure 8.2 PCT traces comparing a fresh fuel assembly at BOC to 
once burnt fuel at BOC, MOC, and EOC (4-loop, tech-spec power). 
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Figure B.3 Influence of fuel rupture on PCT (3-loop, tech-spec power) 
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Figure B.4 Influence of fuel rupture on PCT (4400p, tech-spec power) 
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Figure B.5 PCTs from radial power sensitivity studies at high power 
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Figure B.6 PCTs from radial power sensitivity studies at nominal power 
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Figure B.7 PCTs from radial power sensitivity studies at high power 
(accumulators valved out) 
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Figure B.8 PCTs from radial power sensitivity studies at nominal power 
(accumulators valved out) 
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Figure B.9 Two-phase head multiplier for Semiscale pump model 
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Figure B.10 Two-phase head multiplier for Semiscale pump model 
compared to other pump models 
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Figure B. l l  Effect of Semiscale pump two-phase degradation model 
on PCT for 4-loop plant at high power 
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Figure B.12 Effect of Semiscale pump two-phase degradation model 
on PCT for 3-loop plant at nominal power 
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Figure B.13 Effect of Semiscale pump two-phase degradation model 
on PCT for 3-loop plant at high power 
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Appendix C Time Step Sensitivity 

Appendix K methodologies require that computer program solution convergence be 

demonstrated by studies of system modeling or noding and calculation time steps. [ 

1 

This sensitivity study was performed by randomly varying time steps over a range from the base 

case time step set to about 20% larger. Four time step ranges were used to cover the main 

phases of the LBLOCA: blowdown (0-25 s), early reflood (25-60 s), late reflood (60-160 s), and 

cool down (>I60 s). Each time step range was varied independently. Figure B.16 shows the 

results from these 14 calculations. Early in the event, S-RELAP5 shows very good agreement 

for all 14 cases. As the accumulators discharge, there is some noticeable divergence in the 

results. This is the result of downcomer boiling which can be exacerbated by the accumulator 

nitrogen passing through the system. 

The cause of the variability, downcomer boiling, has been investigated. Downcomer boiling 

along the sector adjacent to the broken loop contributes to liquid holdup. This liquid holdup is 

vulnerable to entrainment out the break from pressure oscillations driven by condensation or the 

transport of the accumulator nitrogen bubble. The amount of mass held up does vary 

significantly and a large amount of coolant may be unphysically lost when a pressure spike 

occurs. 
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Figure C.l PCT results from time step sensitivities performed for 
base case LBLOCA on 3-loop plant at nominal power 
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Appendix D Sample Westinghouse %LOOP PWR Licensing Analysis 

D.l  Introduction 

This appendix describes a RLBLOCA analysis of a postulated large-break loss-of-coolant 

accident (LBLOCA) for a sample Westinghouse 3-loop PWR operating with Framatome ANP, 

Inc. (FRA-ANP) fuel. 

The analysis is designed to support operation for a typical reload cycle. It also applies to 

subsequent cycles, unless changes in the technical specifications, core operating limits report, 

fuel design, plant hardware, or plant operation cause model input revisions. 

The non-parametric statistical methods inherent in the FRA-ANP RLBLOCA methodology 

provide for the consideration of a full spectrum of break sizes, break configuration (Guillotine or 

Split Break), axial shapes, and plant operational parameters. A conservative single failure 

assumption is applied in which the negative effects of both the Loss of a low pressure safety 

injection pump and the loss of a diesel generator are simulated. The effects of Gadolinia- 

bearing fuel rods and peak fuel rod exposures are also considered. 

D.2 Summary 

The limiting peak cladding temperature (PCT) analysis is based on the parameter specification 

given in Table D.2.1, based on a set of 59 calculations. The PCT for that limiting case was 

calculated to be 1853°F. 

The analysis assumes full-power operation at 2300 MW, (plus uncertainties), a steam generator 

tube plugging level of up to 10% in any generator, a total peaking factor (Fa) of 2.62 including 

uncertainties, and a nuclear enthalpy rise factor (FAH)of 1.80 (including 4% uncertainty). This 

analysis also addresses typical operational ranges or technical specification limits (which ever is 

applicable) with regard to pressurizer pressure and level; accumulator pressure, temperature 

(containment temperature), and level; core inlet temperature; core flow; containment pressure 

and temperature; and refueling water storage tank temperature. 
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Break Size (ft’) 
Offsite Power Availability 
Decav Heat MultiDlier 

The FRA-ANP RLBLOCA methodology explicitly analyzes only fresh fuel assemblies. A 

deterministic analysis has been performed to demonstrate that previously burnt fuel will not be 

limiting. This analysis accounts for peak rod average exposures of up to 62,000 MWd/MTU 

which corresponds to a maximum assembly burnup of 57,000 MWd/MTU. The analysis 

demonstrates that the 10 CFR 50.46(b) criteria listed in Section D.3 are satisfied. 

~~~ 

2.69 (-66%) 
No 
0.974 

Table D.2.1 Summary of Major Parameters for Limiting Transient 

Axial Offset -0.09 
Local Peaking (FI) I 1.144 
Break Tvpe I DEGB 

D.3 Analysis 

The purpose of the analysis is to verify typical technical specification peaking factor limits and 

the adequacy of the emergency core cooling system (ECCS) by demonstrating that the 

following 10 CFR 50.46(b) criteria are met: 

0 The calculated maximum fuel element cladding temperature shall not exceed 2200°F. 

0 The calculated total oxidation of the cladding shall nowhere exceed 0.17 times the total 
cladding thickness before oxidation. 

0 The calculated total amount of hydrogen generated from the chemical reaction of the 
cladding with water or steam shall not exceed 0.01 times the hypothetical amount that 
would be generated if all of the metal in the cladding cylinders surrounding the fuel 
excluding the cladding surrounding the plenum volume, were to react. 

0 Calculated changes in core geometry shall be such that the core remains amenable to 
cooling . 

Section D.3.1 of this report describes the postulated LBLOCA event. Section D.3.2 describes 

the models used in the analysis. Section D.3.3 describes the 3-loop PWR plant and 

summarizes the system parameters used in the analysis. Section D.3.4 summarizes the results 

of the RLBLOCA analysis. 
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D.3.1 Description of the LBLOCA Event 

A LBLOCA is initiated by a postulated large rupture of the Reactor Coolant System (RCS) 

primary piping. Based on deterministic studies, the worst break location is in the cold leg piping 

between the reactor coolant pump and the reactor vessel for the RCS loop containing the 

pressurizer. The break initiates a rapid depressurization of the RCS. A reactor trip signal is 

initiated when the low pressurizer pressure trip setpoint is reached; however, reactor trip is 

conservatively neglected in the analysis. The reactor is shut down by coolant voiding in the 

core. 

The plant is assumed to be operating normally at full power prior to the accident. The large cold 

leg break is assumed to open instantaneously. For this break, a rapid depressurization occurs, 

along with a core flow stagnation and reversal. This causes the fuel rods to experience 

departure from nucleate boiling (DNB). Subsequently, the limiting fuel rods are cooled by film 

and transition boiling heat transfer. The coolant voiding creates a strong negative reactivity 

effect, and core fission ends. As heat transfer from the rods is reduced, the cladding 

temperature rises. 

Coolant in all regions of the RCS begins to flash. At the break plane, the loss of subcooling in 

the coolant results in substantially reduced break flow. This reduces the depressurization rate, 

and may also lead to a period of positive core flow or reduced downflow as the reactor coolant 

pumps in the intact loops continue to supply water to the vessel. Cladding temperatures may be 

reduced, and some portions of the core may rewet during this period. 

This positive core flow or reduced downflow period ends as two-phase conditions occur in the 

reactor coolant pumps, reducing their effectiveness. Once again, the core flow reverses as 

most of the vessel mass flows out through the broken cold leg. 

Mitigation of the LBLOCA begins when the safety injection actuation signal (SIAS) is tripped. 

This signal is initiated by either high containment pressure or low pressurizer pressure. 

Regulations require that a worst single failure be considered for ECCS safety analysis. This 

single failure has been determined to be the loss of one ECCS train, including one high- 

pressure safety-injection (HPSI) pump (delivered to an intact loop cold leg) and one low- 

pressure safety injection pump (LPSI) pump. The FRA-ANP RLBLOCA methodology 

conservatively assumes an on-time start and normal lineups of the containment spray and fan 
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coolers to conservatively reduce containment pressure and increase break flow. Hence, the 

analysis assumes that one HPSl pump, one LPSl pump, two containment spray pumps, and 

four fan coolers are operating. 

When the RCS pressure falls below the accumulator pressure, fluid from the accumulators is 

injected into the cold legs. In the early delivery of accumulator water, high pressure and high 

break flow will drive some of this fluid to bypass the core. During this bypass period, core heat 

transfer remains poor and fuel rod cladding temperatures increase. As RCS and containment 

pressures equilibrate, ECCS water begins to fill the lower plenum and eventually the lower 

portions of the core; thus, core heat transfer improves and cladding temperatures decrease. 

Eventually, the relatively large volume of accumulator water is exhausted and core recovery 

must rely on LPSl coolant delivery alone. As the accumulators empty, the nitrogen gas used to 

pressurize the accumulators exits through the break. This gas release may result in a short 

period of improved core heat transfer as the nitrogen gas displaces water in the downcomer. 

After the nitrogen gas has been expelled, the ECCS temporarily may not be able to sustain full 

core cooling because of the core decay heat and the higher steam temperatures created by 

quenching in the lower portions of the core. Peak fuel rod cladding temperatures may increase 

for a short period until more energy is removed from the core by the low pressure safety 

injection and the decay heat continues to fall. Steam generated from fuel rod rewet will entrain 

liquid and pass through the core, vessel upper plenum, the hot legs, the steam generator, and 

the reactor coolant pump before it is vented out the break. The resistance of this flow path to 

the steam flow is balanced by the driving force of water filling the downcomer. This resistance 

may act to retard the progression of the core reflood and postpone core wide cooling. 

Eventually (within a few minutes of the accident), the core reflood will progress sufficiently to 

ensure core wide cooling. Full core quench occurs within a few minutes after core wide cooling. 

Long term cooling is then sustained with the low pressure safety injection. 

D.3.2 Description of Analytical Models 

The RLBLOCA methodology is documented in EMF-2103, "Realistic Large Break LOCA 

Methodology," (Reference D.l). The methodology follows the Code Scaling, Applicability, and 

Uncertainty (CSAU) evaluation methodology (Reference D.2). This method outlines an 

approach for defining and qualifying a best-estimate thermal-hydraulic code and quantifies the 

uncertainties in a LOCA analysis. 
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The RLBLOCA methodology consists of the following computer codes: 

RODEX3A for computation of the initial fuel stored energy, fission gas release, and fuel- 
cladding gap conductance. 

S-RELAP5 for the system calculation. 

The governing two-fluid (plus noncondensibles) model with conservation equations for mass, 

energy, and momentum transfer is used. The reactor core is modeled in S-RELAP5 with heat 

generation rates determined from reactor kinetics equations (point kinetics) with reactivity 

feedback, and with actinide and decay heating. 

The two-fluid formulation uses a separate set of conservation equations and constitutive 

relations for each phase. The effects of one phase on another are accounted for by interfacial 

friction and heat and mass transfer interaction terms in the equations. The conservation 

equations have the same form for each phase; only the constitutive relations and physical 

properties differ. 

The modeling of plant components is performed by following guidelines developed to ensure 

accurate accounting for physical dimensions and that the dominant phenomenon expected 

during the LBLOCA event are captured. The basic building block for modeling is the hydraulic 

volume for fluid paths and the heat structure for a heat transfer surface. In addition, special 

purpose components exist to represent specific components such as the pumps or the steam 

generator separators. All geometries are modeled at the resolution necessary to best resolve 

the flow field and the phenomena being modeled within practical computational limitations. 

A typical calculation using S-RELAP5 begins with the establishment of a steady-state, initial 

condition with all loops intact. The input parameters and initial conditions for this steady-state 

calculation are chosen to reflect plant technical specifications or to match measured data. 

Specific parameters are discussed in Section D.3.3. 

Following the establishment of an acceptable steady-state condition, the transient calculation is 

initiated by introducing a break into one of the loops. The evolution of the transient through 

blowdown, refill, and reflood is computed continuously using S-RELAP5. Containment pressure 

is also calculated by S-RELAP5. 
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The methods used in the application of S-RELAP5 to the large break LOCA are described in 

Reference D.l. A detailed assessment of this computer code was made through comparisons 

to experimental data. These assessments were used to develop quantitative estimates of the 

code’s ability to predict key physical phenomena in a PWR large break LOCA. The final step of 

the best-estimate methodology is to combine all the uncertainties related to the code and plant 

parameters and estimate the PCT at 95% probability. The steps taken to derive the PCT 

uncertainty estimate are summarized below: 

1. Base Plant Input File Development 

First, base RODEX3A and S-RELAP5 input files for the plant (including the containment input 

file) are developed. Code input development guidelines are applied to ensure that the model 

nodalization is consistent with the model nodalization used in the code validation (Reference 

D.3). 

2. Sampled Case Development 

The non-parametric statistical approach requires that many “sampled” cases be created and 

processed. For every set of input created, each “key LOCA parameter” is randomly sampled 

over a range established through code uncertainty assessment or expected operating limits 

(provided by plant technical specifications or data). Those parameters considered “key LOCA 

parameters” are listed in Table D.3.1. This list includes both parameters related to LOCA 

phenomena (based on the PlRT provided in Reference D. l )  and to plant operating parameters. 

3. Determination of Adequacy of ECCS 

The RLBLOCA methodology uses a non-parametric statistical approach to determine the value 

of PCT at the 95% probability level with 95% confidence. The values for peak local oxidation 

and total core oxidation are reported from the 95/95 PCT case. The adequacy of the ECCS is 

demonstrated when these results satisfy the criteria set forth in D.3. 

D.3.3 Plant Description and Summary of Analysis Parameters 

The plant analysis presented in this appendix is a Westinghouse designed pressurized water 

reactor (PWR), which has three loops, each with a hot leg, a U-tube steam generator, and a 

cold leg with a RCP. The RCS also includes one pressurizer. The ECCS includes one 
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accumulator/LPSI and one HPSl injection path per RCS loop. The HPSl and LPSl feed into 

common headers which are connected to the accumulator lines. 

The S-RELAP5 model explicitly describes the RCS, reactor vessel, pressurizer, and ECCS back 

to the common LPSl header and accumulators. This model also describes the secondary-side 

steam generator that is instantaneously isolated (closed MSlV and feedwater trip) at the time of 

the break. A symmetric steam generator tube plugging level up to 10% per steam generator 

was assumed. 

As described in the FRA-ANP RLBLOCA methodology, many parameters associated with 

LBLOCA phenomenological uncertainties and plant operation ranges are sampled. A summary 

of those parameters sampled is given in Table D.3.1. The LBLOCA phenomenological 

uncertainties are provided in Reference D.1. Values for process or operational parameters, 

including ranges of sampled process parameters, and fuel design parameters used in the 

analysis are given in Table D.3.2. Plant data is analyzed to develop uncertainties for the 

process parameters sampled in the analyses. Table D.3.3 presents a summary of the 

uncertainties used in the analyses. Two parameters (refueling water storage tank (RWST) 

temperature and diesel start time) are set at a conservative bounding values for all calculations. 

Where applicable, the sampled parameter ranges are based on technical specification limits. 

Plant data are used to define range boundaries for loop flow (high end) and containment 

temperature (low end). 

D.3.4 Realistic Large Break LOCA Results 

A set of fifty-nine calculations were performed sampling the parameters listed in Table D.3.1. 

The limiting PCT case (1853 O F )  was number 41, which is characterized in Table D.2.1 and 

Table D.3.4. The limiting maximum oxidation is 1.3% and total oxidation is .041%. The fraction 

of total hydrogen generated was not directly calculated; however, it is conservatively bounded 

by the calculated total percent oxidation which is well below the 1 percent limit. A nominal 50/50 

PCT case was identified as case 24. The nominal PCT is 1500 O F .  This result can be used to 

quantify the relative conservatism in the 95/95 result. In this analysis, it is 353 OF. 
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The hot fuel rod results, event times and analysis plots for the limiting PCT case are shown in 

Table D.3.4, Table D.3.5, and in Figures D.3.1 through D.3.15. Figure D.3.1 shows linear 

scatter plots of the key parameters sampled for the 59 calculations. Parameter labels appear to 

the left of each individual plot. These figures show the parameter ranges used in the analysis. 

Figures D.3.2 and D.3.3 show PCT scatter plots vs. the time of PCT and vs. break size from the 

59 calculations. Figures D.3.4 through D.3.15 show key parameters from the S-RELAP5 

calculation. Figure D.3.4 is the plot of PCT independent of elevation. It includes an overlay plot 

of the elevation of the PCT location. 
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Table D.3.1 Sampled LBLOCA Parameters 

Phenomenological 
Time in cycle (peaking factors, axial shape, rod 
properties, burnup) 
Break type (guillotine vs. split) 
Break size 
Critical flow discharge coefficients (break) 
Decay heat 
Critical flow discharge coefficients (surgeline) 
Initial upper head temperature 
Pump 2-phase degradation 
Film boiling heat transfer 
Dispersed film boiling heat transfer 
Critical heat flux 
Tmin (intersection of film and transition boiling) 
Initial stored energy 
Downcomer hot wall effects 
Steam generator interfacial drag 
Condensation interphase heat transfer 
Metal-water reaction 

Offsite power availability 
Core power 
Pressurizer pressure 
Pressurizer level 
Accumulator pressure 
Accumulator level 
Accumulator temperature 
Containment temperature 
Containment volume 
Initial flow rate 
Initial operating temperature 
RWST temperature 
Diesel start (for loss of offsite power only) 

Planta 

a Uncertainties for plant parameters are based on typical plant-specific data with the exception of "Offsite 
power availability" which is specified in Reference D.3. 
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Table D.3.2 Plant Operating Range Supported by the LOCA Analysis 

ressurizer location 

a Includes 5% measurement uncertainty and 3% manufacturing uncertainty. 
Includes 4% measurement uncertainty. 
Value equivalent to hot rod peaking factor without 4% uncertainty. 
Measurement uncertainty bounds an uncertainty of k4 O F .  
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Event 

Table D.3.2 Plant Operating Range Supported by the LOCA Analysis (continued) 

Operating Range 

f) Low pressure safety injection flow 

g) High pressure safety injection flow 

h) Safety injection temperature 

i) Safety injection delay 

Bounding minimum of current pump 
del ive ryc 
Bounding minimum of current pump 
deliveryd 

I 100 O F  

I 20.5 seconds (with offsite power) 

j) Containment pressure 
k) Containment temperature 

I) Containment sprays 

a Considers both representative plant data and includes k30 psi measurement uncertainty. 
Parameters sampled with a normal distribution have no hard limit, the technical specification is given 

with the understanding that the sample-space for the parameter bounds the technical specification. 
Current LPSl pump delivery curves used in calculation provide for a 25 ft plus 5% degradation. Flow 

splits are calculated by S-RELAP5. 
The average HPSl pump delivery to two intact RCS loops from a single HPSl pump is used in the 

analysis. This assumption reduces the expected HPSl flow to the RCS by 50%; however, it will 
bound the expected flow splits which are not calculated by S-RELAP5. 

I 40 seconds (without offsite power) 
Bounding current configuration 

80 I T I 130 O F  

2 8 seconds 
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Operational 
Uncertainty 
Distribution 

Table D.3.3 Statistical Distributions Used for Process Parameters 

Parameter Measurement Standard 
Range -1-7 Uncertainty Deviation 

Distribution 

Parameter 

Core Power (%) 

Pressurizer Pressure (psig) 

Pressurizer Level (%) 

Uniform 99.0 - 101 .o Normal 0.61 

Uniform 2220 - 2240 Normal 18.2 

Uniform 50 - 56 Normal 4.3 

Accumulator Pressure (psig) 

Accumulator Volume (ft3) I Uniform I 825-841 I NIA I NIA 

Uniform 600 - 660 NIA NIA 

RWST Temperature (OF) 

1 Uniform I 80 - 130 I NIA I NIA ContainmenUAccumulator 
Temperature (OF) 

Point 100 NIA NIA 

Containment Volume (XI O6 ft3) I Uniform I 1.95 - 2.23 I NIA 1 NIA 

8 
Diesel Start for Containment 
Cooling (s) Point 

Initial Flow Rate (Mlbmlhr) 1 Uniform I 97.3 - 113 I NIA I NIA 

NIA NIA 

Initial Operating Temperature 
( O F )  

Diesel Start for SI Start ( s ) ~  

Uniform 

Point 32 NIA NIA 

I 541.6-553.6 1 NIA I NIA 

Offsite Power Availabilitya 
Binary 0,l NIA NIA 

a No data is available to quantify the availability of offsite power. During normal operation, offsite power is 
available. Since the loss of offsite power is typical more conservative (some loss in coolant pump 
capacity), it is assumed that there is a 50% probability the offsite power is unavailable, see Reference 
D.3. 

acceleration, 2 s). 
Add 8 s for HPSl pump start up and 12 s for LPSl start up (additional load sequencing, 10 s, and pump 
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Table D.3.4 Summary of Results for the Limiting PCT Case 

Case # 41 
PCT 

Temperature 
Time 
Elevation 

1853 O F  

87.3 seconds 
-8.7 ft 

Metal-Water Reaction 
% Oxidation Maximum 1.3 % 
% Total Oxidation 0.041 % 
Total Hydrogen 0.78 Ib 
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Beginning of Core Recovery (Beginning of Reflood) 
LHSl Available 

Table D.3.5 Calculated Event Times for the Limiting PCT Case 

31 
45 

Framatorne ANP, Inc. 



EM F-2 1 03( NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page D-15 

Break 
Area 
W') 

I I I I 
- 

- m m  m a - a o o o o w -  
- 

1 I 1 I 

0.0 5000.0 10000.0 15000.0 

1 ' i ' I ' i ~ l ~ 1 ' 1 ' _  
- 
- - 0- 0.0- 0 
- - 

l , l , l l / l l l l l l .  

FQ 
Peaking 

AS I 

Pressure 
(PSW 

/ ' I ' I ' l ' I ' I ' l _  

- 
0 0 oo-oooao - 

- 
~ 

1 1 1 1 1 1 1 1 1 ~ 1 1 1  

t 

Pressurizer 
Level (%) 

-1 

6 m ...-- 
- - 

I I 

I I I 
- 

RCS Temp - 0- -a 0 0  - 0 0  m n -  
(F) - 

t 1 

556.0 558.0 560.0 562.0 564.0 

Figure D.3.1 Scatterplot of Operational Parameters 

Framatorne ANP. Inc. 



EMF-21 03(NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page D-16 

Accumulator 
Pressure 
(PSW 

Core Flow 
(MI blhr) 

I I 

- 
O O O O - m I  N O 0  - 1 

- - 
I I 1 

Accum. Vol. 
(fi3) 

Accumulator 
Temperature 

(F) 

L I 

: I I I I 

N -00 m- N O  0 0 0 . H O O N  
- 

1 0-O-W N - 0 0  0- 

I I 

95.0 100.0 105.0 110.0 115.0 

80.0 90.0 100.0 110.0 120.0 130.0 

Figure D.3.1 Scatterplot of Operational Parameters (continued) 
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Figure D.3.2 PCT vs PCT Time Scatterplot from 59 Calculations 

Framatome ANP, Inc. 



EMF-21 03(NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page D-18 

2000.0 , I 

1800.0 1 

6oo.o r Guillotine Break 

400.0 ' I 1 I I 

0.0 1 .o 2.0 3.0 4.0 5.0 
Break Area (ft') 

Figure D.3.3 PCT vs. Break Size Scatterplot from 59 Calculations 
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D.4 Conclusions 

The results of the RLBLOCA analysis show that the limiting case has a PCT of 1853°F and a 

maximum oxidation thickness and hydrogen generation that fall well within regulatory 

requirements. 

The analysis supports operation at a power level of 2300 MWt (plus 2% uncertainty), a steam 

generator tube plugging level of up to 10% in any generator, a total peaking factor (FL ) of 2.62 

and a nuclear enthalpy rise factor (FbH) of 1.80 with no axially-dependent power peaking limit. 

The analysis supports peak rod average exposures of up to 62,000 MWd/MTU corresponding to 

a maximum assembly burnup of 57,000 MWd/MTU. 
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Appendix E Incorporation of M5 Cladding Properties 

E.l Introduction 

This Appendix describes the implementation of the Nuclear Regulatory Commission (NRC) 

approved M5 cladding material properties (References E.l and E.2) into the Framatome ANP, 

Inc. (FRA-ANP) realistic large break loss-of-coolant accident (RLBLOCA) methodology. For 

most cladding material properties an approved model from Reference E.l or E.2 was available 

and incorporation of these properties into the RLBLOCA methods was straightforward. 

However, some properties that were needed for the RLBLOCA methodology, were either not 

available in the approved documents, required a range of applicability that extended outside the 

approved range, or required a new correlation for model specific usage. These properties 

include creep, free growth, thermal expansion, emissivity and elastic modulus. 

Both the S-RELAP5 (Section 3.4.2) code and the RODEX3A (Section 3.4.1) code required 

modifications to integrate the approved M5 cladding material properties in the FRA-ANP 

RLBLOCA methodology. Some M5 material properties were available in a form that was more 

detailed than the current Zircaloy representation. As a result, some M5 cladding properties 

have been incorporated using a more detailed representation than was previously used for 

Zircaloy cladding. No modifications to the base methodology were required for the inclusion of 

the M5 properties. 

M5 is a proprietary variant of Zr l  Nb that has desirable high burnup performance. It provides 

significant improvements in corrosion, hydrogen pick-up, axial growth and diametral creep 

relative to Zircaloy. 

E.2 Summary 

M5 cladding specific material properties have been incorporated into the FRA-ANP RLBLOCA 

methodology for the purpose of analyzing LBLOCA transients when M5 clad fuel rods are 

present. A RLBLOCA analysis was performed to investigate the sensitivity of PCT and 

oxidation when M5 is substituted for Zircaloy using identical boundary conditions and initial fuel 

geometry. The analysis shows that no unique phenomenological differences are introduced 

with the M5 cladding. However, differences in cladding properties result in some variation in 
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PCT and oxidation. Initial fuel rod stored energy was the primary contributor to variations in PCT 

and oxidation. 

Differences in cladding material properties (particularly creep and thermal expansion) cause 

differences in the fuel pellet behavior at any particular burnup by affecting the gap width and 

therefore pellet temperature and pellet-cladding interaction. The resulting differences in fuel rod 

conditions produce initial fuel centerline temperatures at peak power up to 200°F greater for M5 

rods. Additionally, since the cladding thermal expansion is larger for M5 than Zircaloy, the 

pellet-cladding gap may be larger for M5 rods during the LOCA event. A larger gap presents a 

greater thermal resistance to removal of the stored energy in the pellet. The larger initial stored 

energy will impact PCT. The mean impact on the PCT and oxidation was determined to be 

relatively small (6.3"F on PCT and 0.0083% on oxidation). The maximum change in PCT for a 

M5 cladding statistical case was +40"F and the maximum change in oxidation was +0.04%. 

E.3 Incorporation of M5 Cladding Properties in RODEX3A 

E.3.1 Summary of Cladding Related Models in the Fuel Performance Evaluation Model 

E.3.1.1 M5 Claddinq Creep Correlation 

Cladding creep is dependent on the stress history of the cladding wall, including the internal gas 

pressure, the coolant pressure, and the fuel-cladding mechanical contact forces, as well as the 

temperature and irradiation histories. The form of the creep model used in RODEX3A for M5 

cladding is identical to that used for Zircaloy cladding (References E.3 and E.4). Only model 

constants have been adjusted to represent M5 cladding creep behavior reported in Reference 

E.l and E.2. The previously defined M5 model for creep was not used in RODEX3A because 

the previously approved model (Reference E.l) was not compatible with RODEX3A. 

The generalized creep rate ( Ec , h-') is the sum of the thermal (B, , h-') and irradiation ( t ,  , h-') 

components: 

P &c = &, + & (E.3.1) 

The thermal and irradiation creep component rates are evaluated using 
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(E.3.2) 

(E.3.3) 

(E.3.4) 

(E .3.5) i 
where 

r 
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The radial creep deformation is calculated in the same manner as for Zircaloy rods. [ 

] The radial 

creep deformation and axial creep strain at the end of a time step increment (At) are then given 

bY 

r 

The details of this process are described in Reference E.3. 

The values of the creep model constants used for M5 cladding are 

(E .3.6) 

(E.3.7) 

r 
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All of these values are identical to those used for Zircaloy-4 cladding except for [ I .  
1, were calculated for M5 cladding based on creep 

anisotropy measurements. The value of [ 

RODEX3A creep model against M5 radial creep measurements from fuel irradiation test data. 

The results of the creep benchmarks are presented in Section E.3.2 

] was determined by benchmarking the overall 

E.3.1.2 

The M5 irradiation induced cladding free growth contributes to the total fuel rod growth 

calculation in RODEX3A. Cladding free growth for M5 was not reported separately from total 

fuel rod growth in previous FRA-ANP submittals. For incorporation into RODEX3A, however, 

this model is described. 

M5 Cladding Free Growth Correlation 

The irradiation induced free growth of M5 contributes a small part to the fuel rod elongation with 

the remainder coming from axial creep. The model which is implemented in RODEX3A for 

irradiation induced cladding free growth of M5 is based on data obtained at [ 

1 
(Reference E.5). The experiments were conducted in the SILOE test reactor by the 

Commissariat al’Energie Atomique (CEA) to determine the free growth behavior under 

irradiation of M5 clad tubes. The data were fit using the least squares method to obtain the 

following free growth correlation. 

where 

r 
- -  AL - elongation (%) 
Lo 

(E. 3.8) 

T - - temperature (K) 
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Q - - fluence (n/cm*), E > 1 MeV 

A 95 % confidence limit can be obtained by applying a multiplier to Equation E.3.8. 

r (E. 3.9) 

Equations E.3.8 and E.3.9 and the test data are shown in Figure E.3.1. 

Equation E.3.8 is implemented in the RODEX3A code. Based on microstructural observations 

performed on M5 that had been irradiated for three cycles in a PWR and, in particular, the [ 

] observed at this burnup, (Reference E.5) the correlation 

I .  can be reasonably extrapolated up to a fluence of [ 

For variable temperature conditions the incremental growth is calculated using the following 

relation: 

(E.3.10) 

where the subscript “i” represents the conditions at the start of the incremental calculation, the 

temperature “ T  is the incremental temperature and the subscript “i+l” represents the end of 

increment conditions. 

E.3.1.3 M5 Cladding Thermal Conductivity 

The thermal conductivity (W/m-K) of M5 cladding used in RLBLOCA is taken from the NRC 

approved Reference E.2, Equation 10-30 and is described by the following equation: 

r (E.3.11) A 
where T is temperature (K). The equation applies to temperatures between [ 
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E.3.1.4 

The Zirconia thermal conductivity values (W/m-K) on M5 cladding is taken from the NRC 

approved Reference E.2, Equations 10-31 through 10-33: 

M5 Claddinq Zirconium Oxide Thermal Conductivitv 

r 
(E .3.12) 

where S is the thickness (m) of the oxide layer and T is temperature (K). The thermal 

conductivity is dependent on the temperature and the thickness of the oxide layer. 

E.3.1.5 M5 Cladding Specific Heat 

Specific heat is not used in the RODEX3A code. RODEX3A calculations assume quasi-steady 

thermal conditions for each burnup interval so specific heat is not required. 

E.3.1.6 M5 Claddina Densitv 

Cladding density is not used in the RODEX3A code. Cladding density would be multiplied by 

specific heat to provide volumetric heat capacity. However, since RODEX3A assumes quasi- 

steady state heat transfer, volumetric heat capacity is not required. 

E.3.1.7 M5 Claddinq Thermal Expansion 

The integral coefficient of'thermal expansion is based on the model approved by the NRC in 

Reference E.1, Appendix I and Section K-2.4. The a and p phase expansion rates approved in 

Reference E.l are from work by Le Blanc and Jouen (Reference E.5) and measured data. 

Expansion rate coefficients for the current model follow those presented in References E.l and 

E.2 except that the a phase expansion coefficient in the axial direction has been rounded down 

from [ 

all M5 fuel assembly. 

]to provide one value for the different components of an 
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The SER for Reference E.l states that the transition range in the approved model begins at a 

temperature that is about 60°C too low. In response to this observation, the transition region has 

been modified. For the a + p domain, the transition range will begin at [ 

] as determined by Lofaro (Reference E.5). The previous transition range was [ 

I. 

As presented in Reference E.1, Le Blanc and Jouen (Reference E.5) determined the relative 

contractions extrapolated to 850°C corresponding to cx -+ p phase transformation in the [ 

] directions. These values allow calculation 

of the intersection with the Y-axis of the linear equation representing the p domain between 

r 
linear connection between the a and p laws. Figure E.3.2 presents the Reference E.l model 

compared to the current model. The current model is defined as follows: 

1. The a + p thermal expansion equation is then obtained by constructing a 

The thermal expansion strain (in/in) in the axial direction is represented by (assuming a 

reference temperature of 20°C): 

r- 
I 

The thermal expansion strain (in/in) in the tangential direction is represented by: 

r 
I 

(E.3.13) 

(E.3.14) 

The thermal expansion strain (in/in) in the radial direction is represented by: 
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r (E .3.15) 

where T is temperature ("C). 

Uncertainty in the a phase is [ 

phase. The temperature in all LOCA applications is below the upper limit of [ 

thermal expansion is associated with the change in thickness of the cladding due to thermal 

expansion and is only a small contributor to total thermal expansion in the radial direction; it is 

not considered in the approved RODEX3A cladding thermal expansion model. 

1. Uncertainty is [ ] for the a+p domain and for the p 
1. Radial 

E.3.1.8 M5 Claddinq Elastic Modulus 

The Young's modulus for cladding elastic deformation is taken from the NRC approved 

Reference E.2, Equation 10-54. The equation for Young's modulus (Pa) is as follows: 

where T is cladding temperature (K). The above equation is valid between [ 1 
with an uncertainty of [ ] (Reference E.5). 

E.3.1.9 M5 Claddinq Poisson's Ratio 

Poisson's Ratio is taken from the NRC approved Reference E.l, Page 1-75. As described in the 

reference, a [ I. 

E.3.1.10 M5 Claddinq Emissivity 

Emissivity is used in the RODEX3A fuel model in calculating the small radiation component of 
the internal gap conductance. The emissivity correlation approved in Reference E.l, page 1-73 

is for high temperature oxidized applications [ 

typically performed at cladding temperatures below 400°C. At low temperatures and low 

oxidation, the emissivity of zirconium alloys is smaller. The data produced by Murphy and 

Havelock (Reference E.5) for Zr - 2.5% Nb alloy between 100°C and 400°C can be fitted by a 

1. RODEX3A calculations are 
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degree 2 polynomial (Figure E.3.3) to develop a low temperature low oxidation correlation. This 

correlation is implemented in RODEX3A for low temperatures. To provide a smooth transition, 

between the high temperature and low temperature correlations, the range of the low 

temperature correlation is extended upward and the range of the high temperature correlation is 

extended downward to the crossover point of the two correlations [ 1. The combined 

correlation over the entire temperature range can be seen in Figure E.3.4. 

Therefore, the emissivity (E) for M5 is given by 

(E.3.17) 

(E.3.18) I 
where T is temperature ("C). In case of a cladding temperature lower than [ 

1. The use of a lower internal cladding emissivity value at low 

temperatures in RODEX3A minimizes gap conductance and maximizes stored energy at the 

beginning of the LBLOCA transient. 

E.3.1.11 M5 Claddinq Corrosion 

The pre- and post-transition M5 cladding corrosion models presented in the NRC approved 

Reference E.2, Pages 8-7 through 8-9 and Equations 8-14 and 8-16, are implemented in 

RODEX3A. The pre-transition equation used in RODEX3A is [ I: 

r 
(E.3.19) I 

and the post-transition equation is: 
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r 

where r 
(E.3.20) 

I I 

An upper bound on the predicted oxide thickness is given in NRC approved Reference E.2, 

Section 8.1.3. The 95% certainty upper bound is [ 

by the above equations. 

J the best estimate value predicted 

E.3.1.12 M5 Claddinu Hvdrouen Pick-up 

The M5 cladding relationship for hydrogen content presented in the NRC approved Reference 

E.2, Page 8-1 5, and Equation 8-37 is implemented in RODEX3A. This equation is as follows: 

I I (E.3.21) 

r where 
I 

I 

A 95% certainty upper bound on hydrogen pick-up can be determined by applying the upper 

bound on oxide thickness in Equation E.3.21. 

E.3.1.13 

The RODEX3A calculations are performed at normal reactor operating conditions. The 

temperature of the cladding during normal operating conditions is not high enough for significant 

metal-water reaction to take place. Therefore, only cladding corrosion models are used to 

Hiuh Temperature M5/Steam Reaction Kinetics 
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determine cladding oxidation in the RODEX3A code. A separate high temperature MUSteam 

reaction kinetics model is not required. 

E.3.1.14 

The RODEX3A code is used to calculate burnup dependent fuel behavior at normal reactor 

operating conditions. Under these conditions, swelling and rupture / blockage will not occur and 

therefore no swelling and rupture I blockage model is implemented in the RODEX3A code. 

M5 Claddinq Swellinq and RuDture / Blockaqe 
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r 

Figure E.3.1 Free Growth Under Irradiation 
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Figure E.3.2 Integral Thermal Expansion for M5 Cladding 
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r 

Figure E.3.3. Emissivity of Non-Oxidized Samples Between 100°C 
and 400°C 
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Figure E.3.4 Internal Emissivity of M5 Cladding Used in RLBLOCA 
Methodology 
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E.3.2 Creep Benchmark Calculations 

E.3.2.1 Introduction 

Cladding creep is one of the most important M5 cladding properties incorporated into RODEX3A 

because of its difference from Zircaloy creep and its resultant impact on fuel rod thermal 

performance and temperature calculations. The previously defined M5 model for creep was not 

used in RODEX3A because the previously approved model (Reference E.l) was not compatible 

with RODEX3A. Therefore, it is necessary to benchmark the modified RODEX3A cladding 

creep model against radial creep measurements from M5 irradiation test data. 

Data from [ ] M5 clad fuel rods are used to benchmark the radial cladding creep calculated by 

RODEX3A. The rods are listed in Table E.3.1. Each of the rods has identical design 

parameters that are provided in Table E.3.2. 

The rods were irradiated in [ 

] The radial creep has been measured at 12 axial 

locations for each of the cycle 1 and 2 rods and at 10 axial locations for each of the cycle 3 

rods. These are the same rods referred to in Appendices I and J of Reference E.l  and in 

Section 7 of Reference E.2. The calculated burnups differ slightly from those reported in 

Reference E.1, since the power history input used for RODEX3A was obtained independently. 
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Table E.3.1 M5 Creep Benchmark Rods 

Table E.3.2 Benchmark Rod Design Parameters 

r 

E.3.2.2 CreeD Benchmark Results 

The radial cladding creep results calculated by RODEX3A are shown in Table E.3.3 along with 

the measured values. Figure E.3.5 also compares the calculated results to the measured 

values. Figure E.3.6 compares the calculated and measured creep values as a function of local 
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burnup. The figures demonstrate that the RODEX3A creep prediction gives acceptable 

agreement with the measured data. 

The agreement between the measured data and the RODEX3A model results was further 

evaluated by calculating the mean and standard deviation of the differences. Since the third 

cycle data are significantly influenced by pellet cladding interaction, the data are evaluated both 

with and without the cycle three creep data. The statistical results are shown in Table E.3.4. 

The average error is less than [ 

error is less than [ 

approximately [ ] for the calculated cladding radial creep. These results are comparable to 

Zircaloy results and further demonstrates that the RODEX3A cladding creep model is adequate. 

1, and the standard deviation of the calculated creep 

1. This standard deviation implies a 20 uncertainty range of 
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r 
Table E.3.3 M5 Radial Creep Benchmark Results 
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Table E.3.4 M5 Benchmark Results Statistics 

r 
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r 

Figure E.3.5 Calculated M5 Cladding Radial Creep Compared to 
Measured Creep 
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r 

Figure E.3.6 Calculated and Measured Radial Creep vs. Local 
Burnup 
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E.4 Incorporation of M5 Properties in S-RELAP5 

E.4.1 Summary of Cladding Related Models in the Thermal-Hydraulic Performance 
Evaluation Model 

E.4.1.1 M5 Claddinq Creep Correlation 

Cladding creep is a burnup dependent parameter. The duration of an S-RELAP5 LBLOCA 

calculation is sufficiently short to hold burnup dependent parameters constant. Therefore, 

cladding creep is not calculated in the S-RELAP5 code. 

E.4.1.2 M5 Claddinq Free Growth Correlation 

Cladding irradiation induced free growth is a burnup dependent parameter. The duration of an 

S-RELAP5 LBLOCA calculation is sufficiently short to hold burnup dependent parameters 

constant. Therefore, cladding free growth is not calculated in the S-RELAP5 code. 

E.4.1.3 M5 Claddinq Thermal Conductivity 

The thermal conductivity model for M5 cladding described in Section E.3.1.3 is also used in the 

S-RELAP5 code. 

E.4.1.4 M5 Claddinq Oxide Thermal Conductivitv 

The thermal conductivity model for M5 cladding oxide described in Section E.3.1.4 is also used 

in the S-RELAP5 code. 

E.4.1.5 M5 Claddina Specific Heat 

The specific heat (J/kg-K) values for M5 cladding are approved in Reference E.1, Page 1-72 as 

follows: 

r 
(E.4.1) 

Volumetric heat capacity is determined by the product of the density and the specific heat. 
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E.4.1.6 M5 Claddinq Density 

The density of M5 Cladding is taken from the NRC approved Reference E.1, page 1-70 : 

r (E .4.2) I 
The density is used in the conduction equation to calculate the mass in the cell. Since the mass 

in a cell (mesh interval or node) and the cell dimensions do not change in the conduction 

solution scheme, the density used is that at room temperature. The use of temperature- 

dependent or phase-dependent density is not appropriate. 

E.4.1.7 M5 Claddinq Thermal Expansion 

The thermal expansion model for M5 cladding described in Section E.3.1.7 is also used in the 

S-RELAPS code. 

E.4.1.8 M5 Claddinq Elastic Modulus 

The approved elastic modulus model for M5 cladding described in Section E.3.1.8 is also used 

in the S-RELAP5 code. In S-RELAP5 applications, however, Equation E.3.16 is assumed to be 

applicable to all temperatures of interest. The following table compares the elastic modulus 

values of M5 from Equation E.3.16 and those for Zircaloy used in S-RELAP5 (Equation 7.127 of 

Reference E.6). The comparison shows that extension of Equation E.3.16 to the entire LOCA 

temperature range is within [ ] of the Zircaloy Young's modulus which is within the standard 

error of the Zircaloy correlation (6400 MPa). Therefore, the range extension is acceptable. 
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Table E.4.1 Comparison of Young’s Modulus for M5 and Zircaloy Cladding 

r 
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E.4.1.9 M5 Claddinq Poisson’s Ratio 

Poisson’s ratio for M5, [ 1, described in Section E.3.1.9 is also used in 

S-RELAP5. 

E.4.1 . I0  M5 Claddinq Emissivitv 

Emissivity is used in the RODEX3A fuel model in S-RELAP5 to calculate the radiation 

component of the internal gap conductance. For this purpose, S-RELAP5 uses the same 

values as described in Section E.3.1 . lo .  S-RELAP5 also calculates rod external radiation to the 

coolant. For this purpose S-RELAP5 uses the emissivity defined in Section 4.8 of Reference 

E.6. The value that is used is [ ] and is the same for both Zircaloy and M5 cladding. This 

value is based on the analysis of core cooling for BWR rod bundles. Using an external 

emissivity of [ ] is conservative relative the recommended value for M5 of [ ] in Reference 

E.1, page 1-73 and maintains consistency with the treatment of Zircaloy cladding. [ 

I .  

E.4.1 .I 1 M5 Claddinq Corrosion 

Low temperature cladding corrosion is not calculated in S-RELAP5. The large break LOCA 

transient calculation performed by S-RELAP5 occurs over a short time period compared to the 

burnup calculation in RODEX3A and produces high cladding temperatures. When high 

temperatures occur, corrosion is accelerated and the low temperature corrosion models are no 

longer valid. At the high cladding temperatures predicted in the S-RELAP5 calculation, a 

special high temperature M5/steam reaction kinetics model is needed. Section E.4.1 . I3  

describes the high temperature MS/steam reaction kinetics model used in S-RELAP5 

E.4.1 . I2  M5 Claddinq Hvdroqen Pick-up 

Cladding hydrogen pick-up is not calculated in S-RELAP5. The cladding hydrogen pick-up 

model described in Section E.3.1 . I2  is associated with low temperature cladding corrosion. The 

large break LOCA transient calculation performed by S-RELAP5 produces high cladding 

temperatures, where corrosion is accelerated and where the low temperature corrosion models 

are no longer valid. A special high temperature M5/steam reaction kinetics model is then 

required as described in Section E.4.1.13. Since the criteria for LBLOCA do not set limits on 
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hydrogen pick-up but only on cladding oxidation, the high temperature M5/steam reaction 

kinetics model only considers oxidation and not hydrogen pick-up. 

E.4.1.13 

Metal-water reaction kinetics in S-RELAP5 for realistic LBLOCA are calculated using the 

Cathcart-Pawel model (Reference E.7) described in Section 7.4 of Reference E.6. The same 

method is used for both Zircaloy and M5 cladding. Figure E.4.1 shows a comparison of 

measured cladding weight gain to predicted cladding weight gain for M5 cladding using 

Cathcart-Pawel. [ 

Hiqh Temperature MUSteam Reaction Kinetics 

1 

The M5 cladding oxidation tests were performed in the CINOG facility (CINetique d’oxydation a 

Grenoble) and reported in Reference E.8. [ 

1 

] This M5 cladding oxidation test is the same as that described in NRC approved 

Reference E.l, Appendix D and Section 1.25. [ 

1 
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E.4.1.14 M5 Claddinq Swellinq and RuDture / Blockaqe 

The realistic LBLOCA model does not calculate swelling and rupture / blockage. Therefore, no 

swelling and rupture / blockage model for M5 cladding is implemented in S-RELAP5 for realistic 

LBLOCA application. 
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r 

Figure E.4.1 Alloy M5 High Temperature Metal-Water Reaction Data 
Comparison with Cathcart-Pawel Model Predictions 
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E.4.2 3-Loop Sample Problem with M5 Cladding 

To evaluate peak cladding temperature (PCT) and oxidation sensitivity to M5 properties, a fuel 

rod with M5 cladding was modeled in the RLBLOCA analysis presented in Appendix D. The 

scope of this analysis was to compare PCT and oxidation predictions between hot rods modeled 

with Zircaloy and M5 cladding and to identify the major phenomenological contributors for any 

differences observed. It is not expected that the introduction of M5 cladding will produce fuel 

stored energy, PCT and maximum oxidation for M5 rods that is significantly different from 

Zircaloy rods. These expectations are confirmed by the analysis. 

The 3-loop sample problem presented in Appendix D modeled two geometrically identical hot 

rods - one with Zircaloy cladding and one with M5 cladding. These two hot rods were modeled 

in the thermally-decoupled condition as specified for this RLBLOCA methodology (see 

Reference E.9). Since both of these fuel rod models were decoupled, differences in PCT and 

oxidation reflect only the differences in material properties. 

To identify any differences in behavior between the use of M5 and Zircaloy cladding, the limiting 

values for the key acceptance criteria must be compared. Any difference in cladding material 

properties between the two base models can alter the analytical results. The analytical results 

show that the limiting PCT and oxidation calculations (cases 41 and 16) are the same for both 

materials. The limiting PCT was calculated to be 1861 "F (vs. 1853°F for the Zircaloy rod) and 

the limiting oxidation was calculated to be 1.50% (vs. 1.49% for the Zircaloy clad rod). Figure 

E.4.2 shows excellent PCT agreement between the M5 and Zircaloy rod over the course of the 

transient . 

Examination of the results from all 59 calculations show that the steady-state cladding 

temperatures are identical between the two hot rod models; however, fuel centerline 

temperatures for the M5 rod at the peak power location can be up to 200°F higher.' This 

variation is attributed to differences in cladding creep and tangential thermal expansion, which 

influence the fuel-cladding gap thickness. The PCT differences span from about -10°F to 40°F 

with the mean 6.3"F. Since the maximum oxidation is highly correlated to cladding temperature, 

it has a similar trend, spanning from - 0.005% to 0.04% with a mean of 0.0083%. 

Centerline temperatures will be dependent on both material properties and local power factors. Actual 
rod-averaged changes in centerline temperature will be much lower. 
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Figure E.4.2 M5 PCT and Zircaloy PCT from the Limiting PCT 
Calculation 
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the realistic LBLOCA event. Actual NPP operating conditions and typical technical 

specifications were assessed to identify allowed operating conditions. Sensitivity studies were 

performed using the selected NPP model to determine those parameters that impact the 

realistic LBLOCA event. For the most important parameters additional plant data were 

obtained, where available, so that actual operational data distributions could be determined. 

] The identification of the parameters and the results of the 

parameter studies are provided in Tables 5.1-5.4 and Section 5.1. 

The methodology for determination of the combined biases and uncertainties and the 

development of a final statement of probability for the limiting criteria are addressed in 

Section 5.2. To perform these last two CSAU steps, [ 

1 

] A licensing analysis for a 3-loop (VV) designed plant is provided in Reference 16. 

Section 5.4 provides the final statement of overall conformance to the licensing criteria. 
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measured temperatures below the 15-in elevation, much greater than the measurements from 

15-in to 44-in elevation, and much lower than measurements above the 4 4 4  elevation. The 

comparison can be considered acceptable because the calculated temperature trends followed 

the data trends, although the magnitudes did not compare well, and the calculated temperatures 

were overpredicted for the high power region. The highest PCT of 942 K (1236 F) was 

measured at the 15-in elevation while the calculated PCT was 1006 K (1 351 F). 

4.3.2.1.5 LOFT Test L2-5 Assessment 

Test L2-5 was the third LBLOCA test conducted in the LOFT facility in which the reactor core 

power provided the primary heat source. The test represented a hypothetical cold leg guillotine 

break that simulated a double-ended, offset, shear break in a commercial (1000 MWe) 4-loop 

PWR. The test was initiated at 75% thermal power (36 MWt) and a 12.22 kW/ft maximum 

LHGR. 

Operation of the LOFT PCPs differs from a typical PWR in that the LOFT pump rotors are 

electromagnetically coupled to their flywheel system. It is normal during LOFT tests to uncouple 

the pumps from their flywheels whenever the pump speed falls below 750 rpm (78.54 rad/s). 

During the L2-5 test, the two PCPs were tripped at 1 second and disconnected from their 

flywheels. This provided a rapid pump coast down. This operation of the pumps reduced the 

flow into the vessel to less than the flow to the break, thus preventing an early bottom-up fuel 

rod rewet. These simulated conditions are more typical of a 3-loop PWR than a 4-loop PWR. 

LOFT pumps normally coast down while connected to their flywheels that were designed to 

represent the normal pump coast down of commercial !JJ 4-loop PWRs. 

The Test L2-5 HPlS flow is 58% of Test L2-3 HPlS flow and is 75% of Test LP-02-6 HPlS flow 

because an improper small break HPlS flow condition was inadvertently specified for Test L2-5. 

The injections of high and low pressure ECCSs were delayed to 23.9 and 37.32 seconds, 

respectively, to simulate the expected delay in starting up the emergency power diesel 

generator to run the ECCS. 

Before the transient started, the power level in the reactor core was steadily increased, then 

held at 36 MW f 1.2 MW for about 28 hours. This ensured that an appropriate decay heat 

power level would be obtained once the control rods were inserted into the reactor core. Test 

conditions before the beginning of the L2-5 test were as follows. 
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leg and 558.0 K for the hot leg come very close to measured values considering the large error 

bands quoted for the measured data, namely 554.3 K f 4.2 O K  for the cold leg and 561.9 K f 
4.3 O K  for the hot leg. The desired steady-state conditions were successfully achieved and the 

calculation accurately reached the L2-5 test initial conditions. 

For the transient calculation, a short steady-state calculation before the break opening is carried 

out to ensure that the steady-state initial condition is properly maintained when switching from 

the steady-state input model to the transient simulation. The calculation for this analysis is a 

simulation of Test L2-5 from 10 seconds before the break initiation at 0 seconds up to 

140 seconds. This time interval was chosen because the important phenomena and significant 

events of Test L2-5 occurred during this period. 

The assessment of S-RELAP5 to predict each of the important LOCA phenomena is presented 

in detail in Reference 5. Figure 4.149 depicts the final comparison of the calculated and 

measured PCT versus core elevation. In this figure, the PCT is referred to as a maximum 

cladding surface temperature, either calculated or measured at the various locations, during the 

LOCA transient history. The comparison generally shows very good agreement and the 

differences between the calculated and measured PCT in the high power region between 1 5 4  

to 44-in elevations are quite small. Calculations and measurements both show a plateau region 

between the 15-in and 28-in elevations where maximum PCT occurs. The highest PCT of 

11 05.4 K (1 530.1 F) was measured at the 24-in elevation and the calculated PCT was 11 06 K 

(1531 F). 

4.3.2.1.6 LOFT LP-02-6 Assessment 

LOFT LP-02-6 was the fourth LOFT nuclear powered core LBLOCA test conducted with 

pressurized nuclear fuel rods and with a specification of minimum U.S. ECC injection rates. The 

maximum LHGR of 14.87 kW/ft was above the typical technical specifications currently used for 

licensing analyses of PWR fuel rods with the same approximate pellet diameter used in a 

15 x 15 fuel pin array. Test LP-02-6 represented an NRC "design basis accident" test and was 

supposed to run at 100% power, 50 MWt, but because of questions concerning the integrity of 

the pressurized fuel rods in the central hot assembly, the power level was reduced to mitigate 

possible safety problems. LP-02-6 is an important LBLOCA test for code assessment because 

it addresses the issues relating to safety margins associated with the response of a PWR to the 

NRC "design basis accident" scenario, including delayed minimum ECC safeguards. 
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agree quite well and the calculated initial conditions are generally within the uncertainty band of 

the measured quantities. The calculated initial broken loop temperature of 557.6 K for the cold 

leg and 558.3 K for the hot leg come very close to measured values considering the large error 

bands quoted for the measured data, namely 553.0 K k 6.0 O K  for the cold leg and 560.0 K f 

6.0 O K  for the hot leg. The desired steady-state conditions were achieved and the calculation 

accurately reached the LP-02-6 test initial conditions. 

A short, steady-state calculation before the break opening is carried out to ensure that the 

steady-state initial condition is properly maintained when switching from the steady-state input 

model to the transient simulation. The calculation for this analysis is a simulation of Test 

LP-02-6 from 10 seconds before the break initiation at 0 second up to 140 seconds. This time 

interval was chosen because the important phenomena and significant events of Test LP-02-6 

occurred during this period. 

The assessment of S-RELAP5 to predict each of the important LOCA phenomena for LOFT 

LP-02-6 is presented in detail in Reference 5. Figure 4.1 50 compares the calculated and 

measured PCT versus core elevation. This figure refers to the PCT as a maximum cladding 

surface temperature, either calculated or measured at the various elevations, during the LOCA 

transient history. The comparison shows that the code overpredicted the measured 

temperatures except at the low power region near the core exit. The greatest differences 

between the calculated and measured PCT occur in the high power region between the 15 in 

and 44 in elevations. The highest PCT of 11 04.8 K (1 529 F) was measured at the 26-in 

elevation. The comparison shows that the calculated PCT of 1159.6 K (1627.6 F) is in good 

agreement with data and conservatively exceeds the measured PCT in the high power core 

reg ion. 

4.3.2.1.7 LOFT Test LP-LB-1 Assessment 

The fifth LOFT LOCE, Test LP-LB-1, simulated a hypothetical double-ended cold leg guillotine 

break initiated from conditions representative of a PWR operating near its licensing limits. The 

initial core power was near the facility design limit of 50 MWt with maximum LHGR of 15.8 

kW/ft. Included in the test's boundary conditions were loss-of-offsite power coincident with the 

LOCE, a rapid PCP coastdown, and a minimum safeguard ECCS injection assumption from a 

European PWR. To minimize possible fuel pin damage, all of the fuel rods in the core were 

initially un pressu rized . 
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From Reference 5, a bias of 11.4"K f 16.2"K (205°F f 29.2"F) should be applied to the 

measured PCT to account for the 'fin cooling' effects on the surface mounted thermocouples. 

Thus, the reportable PCT for LOFT LP-LB-1 is 1284.0 K (1851.5 F). 

A steady-state initialization calculation was performed to reach the desired steady-state 

conditions for initiating the LOCA calculation. The calculated and measured initial conditions 

agree quite well and the calculated initial conditions are generally within the uncertainty band of 

the measured quantities. The calculated initial broken loop temperature of 560.0 K for the cold 

leg and 558.3 K for the hot leg come very close to measured values considering the large error 

bands quoted for the measured data, namely 552.0 K f 6.0 K for the cold leg and 561 .O K f 

6.0 K for the hot leg. The desired steady-state conditions were achieved and the calculation 

accurately reached the LP-LB-1 test initial conditions. 

A short steady-state calculation before the break opening is carried out to ensure that the 

steady-state initial condition is properly maintained when switching from the steady-state input 

model to the transient simulation. The calculation for this analysis is a simulation of Test 

LP-LB-1 from 10 seconds before the break initiation at 0 second up to 240 seconds. This time 

interval was chosen because, although most the important phenomena and significant events of 

Test LP-LB-1 occur before 100 seconds, the quenching of the core occurred much later in the 

calculation. 

The assessment of S-RELAP5 to predict each of the important LOCA phenomena for LOFT test 

LP-LB-1 is presented in detail in Reference 5. Figure 4.1 51 compares the calculated and 

measured PCT versus core elevation. In this figure, the PCT is referred to as a maximum 

cladding surface temperature, either calculated or measured at the various elevations, during 

the LOCA transient history. The comparison shows that S-RELAP5 overpredicted temperatures 

in the high power region up to the 44-in elevation, and slightly underpredicted temperatures 

above 44 in. The measured PCT is 1284.0 K (1851.5 OF) at the 24-in elevation. That 

measurement includes a bias and uncertainty of 11.4 OK * 16.2 OK (20.5 OF f 29.2"F) caused by 

the fin cooling effects on the surface mounted thermocouple. The calculated maximum PCT of 

1329 K (1932 F) also occurred at the 24-in core level and is in good agreement with the 

measured PCT. Based on Figure 4.1 51, the PCT at any elevation is within approximately 20% 

of the data, which is reasonable agreement. 
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with higher flows (54 and 68) the predicted levels are either conservative or in reasonable 

agreement. 

For the UPTF tests, the liquid is separated in the steam generator simulator. For the two tests, 

the calculated liquid accumulating in the catch tanks is quite conservative (See Figures 4.168 

through 4.171). 

For the FLECHT-SEASET tests, there is no steam generator. The hot-leg piping terminates in a 

separator, which has a tank with a pipe in the bottom leading to a drain tank. Figures 4.172 

through 4.179 compare the calculated levels in the separator tank and the separator drain tank 

with the measured levels. Because of the tendency of the model to hold a larger quantity of 

liquid in the upper plenum initially than would be indicated by measurements (See 

Section 4.3.3.1.4), the calculated carry-over to the separator is delayed. The bottom line for 

these figures is that the calculation has the liquid carried over to these tanks arriving slightly 

later than the measurements would indicate, with the overall carry-over from the calculation 

being greater. This latter point shows that the liquid entrained and carried over by the hot-leg 

model is conservative. 

4.3.3.1.7 Two Phase Pump Degradation 

The pump two phase degradation is addressed in the methodology as a conservative input. 

Based on the sensitivity study described in Appendix B for a limiting break on both a 3-loop and 

a 4-loop plant, it is shown that this is not an important phenomenon for the limiting LBLOCA 

case. The use of the Semiscale two-phase degradation instead of the CE/EPRI two-phase 

degradation model produced essentially no impact on the 3-loop results and only an 18 F (10 K) 

for the 4-loop plant. However, it was shown that the use of the Semiscale pump degradation 

curves does provide a conservative bias to the model, so it was adopted as a minor 

conservatism. 

4.3.3.1.8 Pump Differential Pressure Loss 

The pump differential pressure loss is addressed in the methodology strictly as a best estimate. 

The S-RELAP5 code has the ability to input the pump specific homologous curves for the NPP 

being analyzed and this option is used. The homologous curves for the specific NPP pumps are 

obtained from the utility and, if plant data is available, a pump coast down is modeled to ensure 

that the curves are consistent with the plant data. 
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1 

The probability density functions are defined by the following two equations. The coefficients for 

the equations vary depending on whether they are to be applied to FILMBL (low void fraction) or 

FRHTC (high void fraction). 

These are given in Table 4.20. 

1 

1 

4.3.3.2.6 Tmin 

A set of seven FLECHT SEASET tests was used to evaluate the trends in Tmin at low pressure. 

Quench temperatures improve at higher pressures; hence, a Tmin uncertainty based on low 

pressure data was expected to bound high pressure data. This was validated with data from 

ROSMPTF, the ORNLlTHTF and the Westinghouse G1/G2 tests. Examination of FLECHT 

SEASET data showed that based on observable conservatisms, only the 3 in/s reflood rate test 

(Test #31302) was necessary to evaluate a bounding Tmin uncertainty (Reference 5). 

From the FLECHT SEASET data and from an evaluation of code uncertainty with regard to how 

the LBLOCA multiplier relates to Tmin, [ 

demonstrated to be a conservative bounding distribution relative to other datasets. As this 

value was based solely on data at 40 psia (2.76 bar), a penalty bias was included to cover the 

possibility of the system pressure falling below this value. The hydrodynamic film instability 

theory of Berenson was used to develop this pressure bias (Reference 5). 

] The uncertainty evaluation has been 

4.3.3.2.7 Break Flow 

Break flow is a function of break area and critical flow uncertainty. [ 
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region was tested at full scale in the UPTF, as were the hot legs and the steam generator inlet 

plenum. The steam generator tubing geometry is prototypic in the CCTF (although the number 

of tubes is smaller). All these tests in the three facilities collected water carried over from the 

core under conditions representing the reflood phase of the LBLOCA and all three have 

additional collapsed liquid level measurements. As presented in Section 4.3, a study on 

carryover to the steam generator was performed using the CCTF. From that study, a bias on 

interfacial drag was determined to conservatively bound this phenomenon. The results of the 

CCTF (with bias), UPTF, and FLECHT-SEASET evaluations indicate that S-RELAP5 

overpredicts the entrainment of liquid from the test bundle (Section 5.6 and Reference 5). While 

each test by itself has some deficiencies in terms of simulating a PWR and in terms of scale, the 

combination of the three tests provides a substantial basis for evaluating modeling of the drag 

between the two phases during reflood at full scale. 

4.4.2.2.5 Pump Scaling 

The S-RELAP5 code has,normalized single phase homologous curves for a full scale W reactor 

coolant pump as code default. The use of full scale data for the pump makes code scaling moot 

for the pump. These homologous curves are set to applicable values by entering plant specific 

values for rated head, torque, moment of inertia, etc.. The coastdown of the pump is driven by 

the torque and moment of inertia of the rotating mass. The torque includes the effects of friction 

and back EMF (pump torque) and of the loop pressure losses (hydraulic torque). The single 

phase pump head and torque curves are adjusted for two-phase degradation based on 

experimental data. The EPRl two-phase degradation data (Reference 54) is based on pumps 

that are similar to PWR coolant pumps and represent best estimate parameters. However, as a 

result of the sensitivity studies performed, the Semiscale two-phase degradation data produced 

a slightly conservative PCT and is used in the RLBLOCA methodology. 

4.4.2.2.6 Cold Leg Condensation 

Cold leg condensation was evaluated at a scaled EPRl test facility (Reference 55) to determine 

the accuracy of the calculated interfacial heat transfer between the ECC water and the steam in 

the cold leg. The principal portion of the test apparatus was the simulated cold leg, which was 

fabricated from straight pipe with an ID of 10.42 in. Two injection points were provided so that 

the pipe lengths downstream of the injection point approximated either a typical PWR cold leg 

scaled down to about one-third or the full length of the cold leg. The cold leg pipe length 
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Table 4.1 Parameters Perturbed for PlRT Sensitivity Studies (Continued) 
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Table 4.1 8 Important PlRT Phenomena and Methodology Treatment 

Framatome ANP Richland, Inc. 



Cladding Temperature (K) 
2 2 

ul 0 ul 
0 0 0 

0 P 8 0 P 

8~~~~~’~~~~~’~~’~~~~~’ 

w 

w 

OA 
P 
0 
0 0 

0 

(j) aJnJe.Iadwal6u!ppel3 
0 



EMF-2103(NP) 
Realistic Large Break LOCA Methodology for Revision 0 
Pressurized Water Reactors Page 4-294 

0 
m 
4 

Cladding Temperature (F) 
0 

c 

0 

Figure 4.149 Comparison of PCTs Versus Core Elevations LOFT 
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1 

5.2.2 Application of Methodology 

The FRA-ANP RLBLOCA methodology is a statistics-based methodology; therefore, the 

application does not involve the evaluation of different deterministic calculations. [ 

] The methodology results in a bounding value with 95% 

probability and 95% confidence in the PCT, total metal water reaction, and total core oxidation. 

Application of this methodology relies on two computer codes: RODEX3A and S-RELAP5. All 

key LBLOCA parameters are calculated from S-RELAP5; RODEX3A is used to generate the 

initial fuel properties to be used by the fuel performance models in S-RELAP5. Performance of 

the RLBLOCA calculations relies on three analyst-created code input files describing the fuel, 

plant thermal-hydraulics, and containment thermal-hydraulics. The fuel model input is 

processed by the RODEX3A code, which will produce a binary file describing fuel properties. 

This file will be processed by S-RELAP5 during the steady-state initialization. During 

steady-state initialization, S-RELAP5 will process only the RODEX3A binary output file and the 

steady-state plant model input. The LBLOCA calculation is an S-RELAP5 "Restart" calculation. 

It relies only on the steady-state restart file, the S-RELAP5 LBLOCA transient input file, and the 

containment model input. The containment model input is similar to the original ICECON code 
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Figures 5.2 through 5.16 present scatter plots for the more important phenomena/parameters in 

the analysis. These scatter plots are provided to demonstrate that the methodology does select 

input which covers the phenomena/parameter ranges and associated distributions. In general, 

it is difficult to see the PCT dependence of an individual parameter from these scatter plots. 

This is primarily due to the fact that there are several major parameters and a conservative 

combination of these parameters is required to obtain the higher values of PCT. Based on this 

the following paragraphs will concentrate on a discussion of the LBLOCA criteria as addressed 

by the analysis. 

1 

1 

1 

1 
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5.4 Determination of Total Uncertainty (CSAU Step 14) 
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to the reported results. The final results for the 4-loop sample problem can be summarized as 

follows: 

0 The 95/95 calculated PCT was 1686 F which compares to the criterion for maximum PCT of 
2200°F. 

0 The 95/95 calculated maximum nodal oxidation was 1 .I % which compares to the criterion 
for maximum nodal oxidation of 17%. 

0 The 95/95 calculated maximum total oxidation was 0.02% which compares to the criterion 
for maximum total core oxidation of 1 YO. 

Based on these results, it is concluded that the LBLOCA analysis for the sample W 4-loop plant 

meets the criteria for the LBLOCA event. 

With respect to the identification of the degree of conservatism in the analysis, a comparison 

can be made to the 50/50 probability values for the PCT, maximum nodal oxidation, and the 

maximum total core oxidation. This comparison is provided in Table 5.12. As indicated in this 

table the 50/50 PCT at 1375°F is 31 1 O F  less than the 95/95 PCT. The 50/50 total core oxidation 

at 0.003% is nearly an order of magnitude less than the 95/95 value while the 50/50 maximum 

nodal oxidation at 0.34% is nearly one fourth that of the 95/95 value. 
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Table 5.6 Relationship of Uncertainty Parameters to Computer Code Input 
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In the sensitivity studies the single-phase homologous curves ( H , # )  used for all cases are 

supplied by the default Westinghouse pump data that is coded in S-RELAP5. The model 

describing two-phase degradation ( HDEGmD and M ( a ) )  is entered as tabular input to 

S-RELAP5. For the base case, the default EPRI-CE data (Reference 59) for two-phase 

degradation is specified. The sensitivity study examined replacing the EPRI-CE degradation 

model with the Semiscale degradation model. The degradation model is only applied when two- 

phase conditions are present in the pump. During the rapid blowdown resulting from a 

LBLOCA, this period lasts about 10-15s following the break. 

The PCT results, relative to the three base cases without accumulator nitrogen, are shown in 

Figures B . l l  - B.13 (extracted for the time period of interest). For the 3-loop plant cases, no 

sensitivity is evident. This is the expected result, since the break size chosen was selected to 

minimize the enhanced blowdown heat transfer provided by the pumps. The 4-loop plant case 

does show an increase in the blowdown peak PCT of about 18 OF (10 K). 

The PCT change of 18 OF well within the expected variability of the results which is about 30 O F  

(see Appendix C). In hindsight the pump degradation does not appear to be as significant of a 

parameter as originally anticipated. This result is consistent with the original work performed on 

the CSAU methodology (Reference 4). Since it has been demonstrated that increased pump 

degradation is slightly conservative, the Semiscale two-phase degradation has been adopted for 

FRA-ANP RLBLOCA analyses. 
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The methods used in the application of S-RELAP5 to the large break LOCA are described in 

Reference D.1. A detailed assessment of this computer code was made through comparisons 

to experimental data. These assessments were used to develop quantitative estimates of the 

code's ability to predict key physical phenomena in a PWR large break LOCA. The final step of 

the best-estimate methodology is to combine all the uncertainties related to the code and plant 

parameters and estimate the PCT at 95% probability. The steps taken to derive the PCT 

uncertainty estimate are summarized below: 

1. Base Plant Input File Development 

First, base RODEX3A and S-RELAP5 input files for the plant (including the containment input 

file) are developed. Code input development guidelines are applied to ensure that the model 

nodalization is consistent with the model nodalization used in the code validation (Reference 

D.3). 

2. Sampled Case Development 

The non-parametric statistical approach requires that many "sampled" cases be created and 

processed. For every set of input created, each "key LOCA parameter" is randomly sampled 

over a range established through code uncertainty assessment or expected operating limits 

(provided by plant technical specifications or data). Those parameters considered "key LOCA 

parameters" are listed in Table D.3.1. This list includes both parameters related to LOCA 

phenomena (based on the PlRT provided in Reference D.l) and to plant operating parameters. 

3. Determination of Adequacy of ECCS 

The RLBLOCA methodology uses a non-parametric statistical approach to determine values of 

PCT, total oxidation, and total hydrogen at the 95% probability level with 95% confidence. The 

adequacy of the ECCS is demonstrated when these results satisfy the criteria set forth in D.3. 

D.3.3 Plant Description and Summary of Analysis Parameters 

The plant analysis presented in this appendix is a Westinghouse designed pressurized water 

reactor (PWR), which has three loops, each with a hot leg, a U-tube steam generator, and a 

cold leg with a RCP. The RCS also includes one pressurizer. The ECCS includes one 

Frarnatorne ANP, Inc. 



EMF-2103(NP) 
Revision 0 
Page D-7 Realistic Large Break LOCA Methodology for Pressurized Water Reactors 

accumulator/LPSI and one HPSl injection path per RCS loop. The HPSl and LPSl feed into 

common headers which are connected to the accumulator lines. 

The S-RELAP5 model explicitly describes the RCS, reactor vessel, pressurizer, and ECCS back 

to the common LPSl header and accumulators. This model also describes the secondary-side 

steam generator that is instantaneously isolated (closed MSlV and feedwater trip) at the time of 

the break. A symmetric steam generator tube plugging level up to 10% per steam generator 

was assumed. 

As described in the FRA-ANP RLBLOCA methodology, many parameters associated with 

LBLOCA phenomenological uncertainties and plant operation ranges are sampled. A summary 

of those parameters sampled is given in Table D.3.1. The LBLOCA phenomenological 

uncertainties are provided in Reference D.1. Values for process or operational parameters, 

including ranges of sampled process parameters, and fuel design parameters used in the 

analysis are given in Table D.3.2. Plant data is analyzed to develop uncertainties for the 

process parameters sampled in the analyses. Table D.3.3 presents a summary of the 

uncertainties used in the analyses. Two parameters (refueling water storage tank (RWST) 

temperature and diesel start time) are set at a conservative bounding values for all calculations. 

Where applicable, the sampled parameter ranges are based on technical specification limits. 

Plant data are used to define range boundaries for loop flow (high end) and containment 

temperature (low end). 

D.3.4 Realistic Large Break LOCA Results 

A set of fifty-nine calculations were performed sampling the parameters listed in Table D.3.1. 

The limiting PCT case (1853 OF) was number 41, which is characterized in Table D.2.1 and 

Table D.3.4. The limiting maximum oxidation (1.49 %) and total oxidation (0.045 %) results 

came from cases 16 and 27. These calculations are characterized in Tables D.3.5 and D.3.6. 

The fraction of total hydrogen generated was not directly calculated; however, it is 

conservatively bounded by the calculated total percent oxidation which is well below the 

1 percent limit. A nominal 50/50 PCT case was identified as case 24. The nominal PCT is 

1500 OF. This result can be used to quantify the relative conservatism in the 95/95 result. In 

this analysis, it is 353 OF. 
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The hot fuel rod results, event times and analysis plots for the limiting PCT case are shown in 

Table D.3.4, Table D.3.7, and in Figures D.3.1 through D.3.16. Figure D.3.1 shows linear 

scatter plots of the key parameters sampled for the 59 calculations. Parameter labels appear to 

the left of each individual plot. These figures show the parameter ranges used in the analysis. 

Figures D.3.2 and D.3.3 show PCT scatter plots vs. the time of PCT and vs. break size from the 

59 calculations. Figure D.3.4 shows the maximum oxidation vs. PCT for the 59 calculations. 

Figures D.3.5 through D.3.16 show key parameters from the S-RELAP5 calculation. Figure 

D.3.5 is the plot of PCT independent of elevation. It includes an overlay plot of the elevation of 

the PCT location. 

I 
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