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Contents
 Overview of Topical Report

 Introduction
 Test Facility and Test Section
 Test Procedure and CHF Measurements 
 CHF Correlation Development
 Correlation DNBR Limit
 Correlation Application

 Issues on RAI 
 Current Status
 Summary
 Attachments

 PLUS7 Key Design Features
 List of related Documents
 List of RAI Questions 
 Acronyms
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Overview of Topical Report - Introduction

 PLUS7 Fuel Developed for APR1400 & OPR1000
 Joint/Collaborative Program with WEC (April 1999 ~ March 2002)
 CHF Testing (May 2001 ~ July 2001)
 Correlation Development (August 2001 ~ December 2001)
 Regional Implementation (June 2006 ~ )

 PLUS7 Fuel Key Design Features
 Optimized Fuel Rod OD (0.374 inch / 9.5 mm)
 Mid Grid with Mixing Vane (Split Type) 
 APR1400-F-M-TR-13001 (PLUS7 Fuel Design for the APR1400)

 CHF Test Data
 Data used for confirming thermal performance of the PLUS7 Fuel 

and CHF correlation, KCE-1, development
 HTRF (Columbia Univ.)
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Test Facility and Test Section

 Heat Transfer Research Facility (HTRF)

 Columbia University, New York, NY 

 Qualified Testing Services for PWR/BWR/PHWR Fuels since 1970s

 Closed in December 2003

 HTRF Capacity

 Power (Electrically Heated) : ~ 12 MW

 Inlet Fluid Temperature        : ~ 650 deg.F (343 deg.C)

 Exit Pressure                        : ~ 2,500 psia (17.2 MPa)

 Inlet Mass Velocity                : ~ 3.7 Mlbm/hr-ft2 (5,017 kg/s-m2)
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Test Facility and Test Section

 Test Section Configuration

 Radial Configuration & Power Distribution

Test 
Section Array

Heater Rod Grid 
Spacing

Guide Tube
Simulator OD

Axial Power 
DistributionOD Pitch Length*

101
6x6 0.374 0.506 150.0 15.72

0.980
1.475 Cosine

102 N/A
unit : inch
* active heated length (electrically heated)

Test Section 102
w/o GT Simulator

Test Section 101
w/ GT Simulator
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Test Facility and Test Section

 Axial Configuration & Power Distribution

T/C #4 (93.779") 

T/C #5 (78.061") 

T/C #6 (62.342")

T/C #7 (46.623")

 

15.72" TYP 
 

T/C #1 (140.937") 

T/C #2 (125.218")

T/C #3 (109.499") 

 8.35" 

GRID NMV  (1.62") 

GRID MV  ( 15.90") 

GRID MV  ( 31.62") 

GRID MV  ( 47.34") 

GRID MV  ( 63.06") 

GRID  MV  ( 78.78") 

  

 

150.0" HEATED
  LENGTH

GRID MV  ( 94.50") 

GRID MV  (110.21") 

GRID MV  (141.65") 

GRID MV  (125.93") 

NMV : Non Mixing Vane Grid  
MV  : Mixing Vane Grid 
T/C  : Thermocouple 
EOHL: End of Heated Length 
BOHL: Beginning of Heated Length 

EOHL (150.0") 

BOHL (0.00") 0

0.2

0.4

0.6

0.8

1
0 0.5 1 1.5 2

Axial Power Factor (Fz)
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Test Procedure and CHF Measurements

 HTRF Standard Procedure/Method and Quality Assurance

 Isothermal Pressure Drop, Heat Balance, CHF Data

 Compliance with ANSI/ASME NQA-1 and 10 CFR 50 Appendix B

 CHF Measurements 

 Power Escalation 

 Other Loop Parameters Maintained as Stable as Possible

 Records
 Exit Pressure
 Inlet Fluid Temperature
 Inlet Mass Velocity
 Bundle Power
 Rod(s) Experienced CHF (wall T/Cs with temperature excursion)
 etc.
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Test Procedure and CHF Measurements

 Total           CHF Data for PLUS7 Fuel

 from Test Section 101 (with GT Simulator)

 from Test Section 102 (without GT Simulator)

 Summary of Test Progress

 Test Requirements : February 2001

 Test Prospectus : April 2001

 QA Audit/Inspection : April 2001

 Testing : May 2001 ~ July 2001

 Reporting : August 2001 ~ May 2002

TS

TS

TS



15
th

P
re

-a
p

p
li

ca
ti

on
 M

ee
ti

n
g

A
C

R
S

 M
ee

ti
n

g 
(D

ec
em

be
r 

14
. 2

0
16

)

8 APR1400-F-C-EC-16001-NP

Westinghouse Proprietary Class 3

CHF Correlation Development

 Development Procedure
 Calculation of Local Coolant Conditions at

by Subchannel Code
 Selection of Functional Form of CHF Correlation 
 Prediction of CHF by CHF Correlation with the Local Coolant 

Conditions at 
 Optimization of CHF Correlation Coefficients to Minimize the 

Deviation between Predicted and Measured CHF at MDNBR 
Location

 Establishment of 95/95 DNBR Limit (Correlation Limit)
 Verification & Validation

TS

TS
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CHF Correlation Development

 Design Method
 Subchannel Code : TORC (CENPD-161-P-A, 1986)
 Design Constitutive Relations 

 Functional Form
 CE-1 CHF Correlation (CENPD-162-P-A, 1976)

 Specific Assumptions




☞ Results in Conservatism for Design Application vs. Development

TS,(a,c)

TS,(a,c)
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CHF Correlation Development

 FC : Tong F Factor for the effects of Non-Uniform (NU) APD on CHF

 FC = q″CHF, U / q″CHF, NU (≥ 1.0)

 q″CHF, NU ≤ q″CHF, U

 Relevant References : Applicability & Experiences
Rosal, E.R., et. al., Nuclear Engineering and Design 31 (1974)
WCAP-8762-P-A (1978), WCAP-10444-P-A (1985) 
CENPD-207-P-A (1984)

where
d1 =  1.50E-01
d2 =  4.31E+00 
d3 =  4.78E-01

( )[ ] ( ) ( )[ ] −⋅−⋅′′⋅
⋅−−⋅′′

=
l

ZS
l

C dzzlCexpzq
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CHF Correlation Development

 DNBR of  KCE-1 Correlation at Development (Development DB)
 DNBR = q″CHF, Predicted / q″CHF, Measured

 Specific Assumptions applied




 q″CHF, Measured =

 q″CHF, Predicted (development) = q″CHF, KCE-1

 DNBR of  KCE-1 Correlation at Application (Application DB)
 DNBR = q″CHF, Predicted / q″local, Actual

 No Specific Assumptions




 q″CHF, Predicted (application) = q″CHF, KCE-1 / FC

TS,(a,c)

TS,(a,c)

TS

TS,(a,c)

TS
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CHF Correlation Development

 KCE-1 Correlation Detail

[ ]
))(G/10BP(B6

fg
6P)B(B6

43
B

1
U1KCECHF, 6

87

652

)(G/10
hχ)(G/10)(G/10P)B(B(Dh/Dhm)B

q"
+

+

−

⋅⋅−⋅+
=

Application Range British Unit SI Unit

Pressure 1750* ~ 2415 psia 12.07* ~ 16.65 MPa

Local Mass Velocity 0.85 ~ 3.15 Mlbm/hr-ft2 1153 ~ 4272 kg/s-m2

Local Quality -0.150 ~ 0.275

* Changed from 1395 psia (9.62 MPa), 
for Compliance with ATRSE,  KCE-1 CHF Correlation Topical Report

Test 
Section

Development DB Application DB*
n M/P Average STD n M/P Average STD

101
102
ALL

TS,(a,c) TS
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Correlation DNBR Limit

 Statistical Analysis
 Distribution Characteristics (Normality)

D’-test/ W-test (ANSI N15.15-1974)
 Parametric or Non-Parametric

 Poolability
 Parametric : F (Bartlett) test / T test
Non-Parametric : Wilcoxon-Mann-Whitney test

 95/95 DNBR Limit
 Parametric : Inverse of M/P Lower Bound with Owen’s 1-side Tolerance 

Factor, K95/95 (KOwen)
(SCR-607, 1963)

 Non-Parametric : Inverse of M/P at m-th rank 
(Experimental Statistics, Handbook 91, National Bureau of Standards, 
1966)
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Correlation DNBR Limit
 Results of Statistical Analysis for Development DB

 Distribution Characteristics (Normality)
 Pass :
 Fail   :

 Poolability (Test Sections 101 & 102) :

 95/95 DNBR Limit for Development DB : 1.124
 Parametric :

 Non-Parametric :

Test Section n M/P Avg. STD K95/95 95/95 DNBR

Test Section γ p n m M/P 95/95 DNBR

TS

TS

TS,(a,c)

TS,(a,c)

TS

TS

TS
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Correlation DNBR Limit
 Results of Statistical Analysis for Application DB 

 Distribution Characteristics (Normality)
 Pass :
 Fail   :

 Poolability (Test Sections 101 & 102) :

 95/95 DNBR Limit for Application DB :
 Parametric : 

 Non-Parametric :

Test Section n M/P Avg. STD K95/95 Min. M/P 95/95 DNBR

Test Section γ p n m M/P 95/95 DNBR

TS

TS

TS

TS

TS

TS

TS

TS
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Correlation DNBR Limit

 Conservatism in 95/95 DNBR Limit :  
 1.124 (Development DB) vs.                 (Application DB)

TS

TS

TS
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Correlation DNBR Limit
 Graphical Review to M/P Parametric Trends 

(Development DB / Application DB)
 Pressure

TS

Application DBDevelopment DB
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Correlation DNBR Limit
 Graphical Review to M/P Parametric Trends 

(Development DB / Application DB)
 Local Mass Velocity

TS
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Correlation DNBR Limit
 Graphical Review to M/P Parametric Trends 

(Development DB / Application DB)
 Local Quality

TS
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Correlation DNBR Limit
 Graphical Review to M/P Parametric Trends 

(Development DB / Application DB)
 Measured vs. Predicted CHF

TS
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Correlation Application
 Compliance with ATRSE

 DNB Acceptance Criteria
 SRP Sections 4.2 & 4.4
 95/95 DNBR Limit : 1.124 (Chapter 5 of APR1400-F-C-TR-12002)

 Design Computer Codes/Methodology
 TORC : Full Compliance with the Approved Conditions,

CENPD-161-P-A & CENPD-206-P-A
 Implementation KCE-1 CHF Correlation to Computer Code : 

Modifying only the Coefficients of CE-1 CHF Correlation
 TORC Version (Development/Application): 4.1mod6_kce1

 Design Application
 DNBR = [q″CHF, KCE-1U/FC] / q″local, Actual

 FC :
 TDC = 0.038 < Value Applied to Development
 APR1400 AOOs & DNB Transients are within the Application Range 

of Variables

TS

TS, (a,c)
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Issues on RAI
 Potential to higher 95/95 DNBR limit than specified in Topical Report

 Conservatisms in Tong F Factor (FC) application

 M/P Parametric trend wrt Pressure (Development DB)

 No Validation Data : Risk-to-Overfit

 Resolved

 Test Acceptance Criterion (Uncertainty)

 Acceptance Criterion to Heat Balance / Overall measurement 
uncertainties

 Resolved
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 Topical Report APR1400-F-C-TR-12002 “KCE-1 Critical Heat Flux 
Correlation for PLUS7 Thermal Design” is on a success path for 
completion

 ATRSE without Open Items was issued 
 All RAI questions has been discussed with the NRC Staff and closed.
 Corresponding marked-ups in response to RAI questions and 

required modification per “Conditions and Limitations” of the ATRSE 
will be incorporated into the future revision or ‘A’ version of the 
Topical Report

 Related documents will  be updated/revised to maintain consistency, 
as-required.
 No Impact on DCD
 Simple Correction to application range of Pressure on 

 APR1400-F-C-NR-12001 Rev.1, Thermal Design Methodology
 APR1400-Z-A-NR-14006 Rev.0, Non-LOCA Safety Analysis Methodology

Current Status
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Summary
 KCE-1 CHF Correlation

 CHF Test Data for PLUS7 (performed @ HTRF)
 Same Functional Formula with CE-1 Correlation
 Design Subchannel Code/Constitutive Relations (TORC)
 Specific (Conservative) Assumptions
 95/95 Limit : 1.124
 Application Range of Variables 

 Applied to APR1400 Design Analysis for PLUS7 under the 
Conditions and Limitations in ATRSE

 Update/Revision of corresponding Documents will be followed, as-
required.
 No Impact on DCD
 Simple correction to application range of Pressure on  

 1 ToR : KCE-1 Correlation
 2 TeRs : Thermal Design Methodology

Non-LOCA Safety Analysis Methodology
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Attachments

 PLUS7 Key Design Features

 List of related Documents

 List of RAI Questions 

 Acronyms
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Attachments : PLUS7 Key Design Features

 Mid-Grid with Mixing Vane
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Attachments : List of related Documents

Document No. Title Revision Type ADAMS
Accession No.

APR1400-K-X-FS-14002
-P & NP

APR1400 Design Control Document  Tier 2: 
Chapter 4 Reactor 0 DCD ML15006A043

APR1400-K-X-FS-14002
-P & NP

APR1400 Design Control Document  Tier 2: 
Chapter 15 Transient and Accident Analyses 0 DCD ML15006A054

APR1400-F-C-NR-12001
P & NP Thermal Design Methodology 1 TeR ML15009A123

APR1400-F-C-NR-14001
-P & NP

CPC Setpoint Analysis Methodology for 
APR1400 0 TeR ML15009A195

APR1400-F-M-TR-13001
-P & NP PLUS7 Fuel Design for APR1400 0 ToR ML13298A420

APR1400-Z-A-NR-14006
-P & NP Non-LOCA Safety Analysis Methodology 0 TeR ML15009A204

 Submitted Documents



15
th

P
re

-a
p

p
li

ca
ti

on
 M

ee
ti

n
g

A
C

R
S

 M
ee

ti
n

g 
(D

ec
em

be
r 

14
. 2

0
16

)

28 APR1400-F-C-EC-16001-NP

Westinghouse Proprietary Class 3

Attachments : List of RAI Questions

 Summary of RAI (3-7443)

 List of RAI Questions

No. of Questions No. of Responses* Not Responded No. of Open Items

18 18 0 0

Question Area Key-words Status
1 CHF Test Acceptance Criterion (Heat Balance)

Resolved
/No Impact on DCD

2 CHF Test Acceptance Criterion 
(CHF Confirmation)

3 CHF Test Fuel Simulator (Axial T/C Installation)
4 CHF Test Quality Assurance (Venturi Flowmeter)
5 CHF Test Procedure (Power Measurement)

6 CHF Test, 
Correlation Application

Fuel Simulator 
(Axial Power Distribution)

7 CHF Test,
Correlation Application

Fuel Simulator 
(Axial Power Distribution, Tong F 
Factor)

8 95/95 DNBR Limit,
Applicable Range Pressure 1395 ~ 1750 psia Resolved with 

Modification *
/No Impact on DCD9 95/95 DNBR Limit,

Applicable Range Pressure near 1750

* Simple correction to application range of Pressure is required (1750 ~ 2415 psia)
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Attachments : List of RAI Questions

 List of RAI Questions (continued)
Question Area Key-word Status

10 Applicable Range Local Quality Resolved
/No Impact on DCD

11 CHF Test CHF Data Reduction

Resolved
/No Impact on DCD

12 CHF Test, 
Data Analysis Fuel Simulator, Functional Form 

13 Correlation Application AOOs per SRP 4.4

14 CHF Test,
95/95 DNBR Limit

Overall Uncertainties (Measurements, 
Computational, Fabrication) per SRP 
4.4

15 Data Analysis Computer Code & Methodology, 
Constitutive Relations (TORC)

16 Data Analysis,
Correlation Application

CETOP-D Computer Code & 
Methodology

Resolved 
/No Impact on DCD

17
CHF Test, 
Data Analysis,
95/95 DNBR Limit

Number of Test Data, 
Correlation Development/Validation,
Risk-to-Overfit

Resolved
/No Impact on DCD

18 Applicable Range Pressure 2415 psia, 
Mass Velocity 3.15 Mlbm/hr-ft^2

Resolved
/No Impact on DCD
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Attachments : Acronyms 
AOO :  Anticipated Operational Occurrence
APD :  Axial Power Distribution
ATRSE :  Advanced Topical Report Safety Evaluation
CHF or q″CHF :  Critical Heat Flux (DNB : Departure from Nucleate Boiling)
DB :  Database
DCD : Design Control Document
Dh, Dhm :  Equivalent Heated Diameter of the subchannel of interest, Dh of Matrix 

subchannel, respectively
DNBR :  DNB Ratio
FC :  Tong F Factor, Correction factor for the effects of  NUAPD on CHF
G or Gloc :  Local Mass Velocity (Mass Flux)
Gin :  Inlet Mass Velocity (Mass Flux)
GT :  Guide Thimble
hfg :  Latent Heat of Vaporization
K95x95 or K95/95 :  Owen’s 1-side tolerance factor (per 95% probability with 95% confidence) 
l :  Local elevation of interest
M/P :  Ratio of Measured to Predicted CHF
n :  Number of Data
NU, U :  Non-Uniform and Uniform, respectively
OD :  Outside Diameter 
P or Pexit :  System Pressure (Exit Pressure)
q″CHF, KCE-1 :  Predicted Critical Heat Flux by KCE-1 CHF Correlation
q″l or q″local, Actual :  Actual local Heat Flux at the elevation of interest
q″CHF, Measured :  Measured Critical Heat Flux
q″CHF, Predicted :  Predicted Critical Heat Flux
STD :  Standard Deviation 
T/C :  Thermocouple
TDC :  Thermal Diffusion Coefficient
TeR : Technical Report
Tin :  Inlet Temperature
ToR : Topical Report 
TS : Trade Secret (Superscript on Bracket)
χ or χ loc :  Local Quality
z :  Axial Elevation 
zs :  Starting Axial Elevation for integration (per definition of FC)


