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+f %, UNITED STATES

f g NUCLEAR REGULATORY COMMISSIONIg 'j WASHINGTON, D. C. 20555
'

*
..... February 1,1985I

I
Mr. J. C. Chandler, Lead EngineerI Reload Fuel Licensino
Exxon Nuclear Company, Inc.
P101 Horn Rapids Road

I P. O. Box 130
Richland, Washington 99352

Dear Mr. Chandler:

Subject: Acceptance for Referencing of Licensing Topical Report XN-NF-734(P),
" Confirmation of the XN-3 Critical Power Correlation for 9x9 Fuel
Assemblies"

I We have completed our review of the subject topical report submitted by Exxon
Nuclear Company, Inc. (Exxon). We find the report to be acceptable for

' referencing in license applications to the extent specified and under the
limitations delineated in the report and the associated NRC evaluation, whichI is enclosed. The evaluation defines the basis for acceptance of the report.

We do not intend to repeat our review of the matters described in the report

I
and found acceptable when the report appears as a reference in license applica-
tions, except to assure that the material presented is applicable to the specific
plant involved. Our acceptance applies only to the matters described in the
report.

In accordance with procedures established in NUREG-0390, it is requested that
Exxon publish accepted versions of this report, proprietary and non-proprietary,i within three months of receipt of this letter. The accepted versions shall
incorporate this letter and the enclosed evaluation between the title pace and
the abstract. The accepted versions shall include an -A (designating accepted)
following the report identification symbol.

Should our criteria or regulations change such that our conclusions as to the
acceptability of the report are invalidated, Exxon and/or the applicants
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1.0 INTRODUCTION

As part of the process of developing the capability to license fuel for
nuclear reactor core * reloads Exxon Nuclear Company has pursued a program

I
aimed at the developnent of a correlation to predict the onset of
transitionboiling(criticalheatflux). A large number of experimental
measurements of critical heat flux have been performed using heated rod !

diameters, power distr.ibutions and spacers that are typical of current !
generation boiling water reactors. The data has been mathematically

h correlated to provide, a mechanism for predicting the onset of transition |

,

boiling. The correlation has progressed through the XN-1, XN-2 and XN-3
correlations to its present form which is denoted XN-3 (Revision 1). This -

form of the correlation has been previcusly reviewed and approved by the -

,

g staff (Reference 5)forusebyExxonwithameanof.997andastandard
devia, tion of 0.041 to develop design limits. ThepurposeofXN-NF-734(P)
is tu present additional data which justifies the use of this correlatiorI ffor 9x9 fuel assemblies.

| 20 XN-3 CORRELATION,(REVISION 1).

!
'

The XN-3 Correlation is an empirical representation of the planar averaged
fluid conditions at which boiling transition has been experimentally
detected. The minimum heat flux required to produce boiling. transition
is predicted from the fluid conditions of pressura, mass velocity and '

j enthalpy averaged over the assembly at the planes of interest. The

( correlation contains correctors for the effects on boiling transition due i

|g to a non-uniform axial heat flux profile.
\ g |

|TheXN-3(Revision 1)correlationhasbeenrevisedtoprovideanadditional
,

| correlation which predicts the onset of transition boiling in interior rods,
and the previous version of the XN-3 correlation has been restricted to

| peripheral rods. This revision appears to have been motivated by the data
resulting from a new series of tests involving a 5x5 array of heated rods

I |

I
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(ENC-IVtestseries,tasksJP/8andJP/9). The previous version was based j
*

'

exclusively on' data taken from tests with rod arrays no larger thaa 4x4.
!

!

Revision 1 to the XN-3 correlation presents three separate and distinct
correlations for predicting the onset of transition boiling. These apply [,

to peripheral and interior rods of assemblies with " typical" spacers while :
'

the third applies only to assemblies with " minimal" spacers. This review
does not consider the case of minimal spacers which are not used in the

,

current BWR designs.
|

t
1 .

e

The XN-3 (Revision 1)' correlation data base (Reference 1) is comprised of i!

1501 data points taken with 26 different test assemblies. The test ;

assemblies include both partial and full length rods; both unifonn and non-
'

-

uniform axial heat flux profiles; grid spacers that are prototypic of BWR
fuel, designs (typicalgrids)aswellas" Wart"typespacers(minimumgrids);
4x4 rod configurations and 5x5 rod configurations; and a variety of rod

,

: diameters, assembly hydraulic diameters, rod-to-wall spacings and rod to
rod spacings. -

i . .
,

XN-NF-734(P) presents data from two sources (References 2 and 3) in order '

to justify the use of XN-3 for 9x9 bundles. The data base contains 241 !

data points obtained by ENC in 5x5 rod test sections at Columbia University f
' and in 9x9 test sections at the ATLAS test facility. These test sections !

include uniform and non-uniform axial profiles of full length rods, with
grid spacers prototypical of BWR designs with and without water holes. The |

range of operating conditions considered is shown in Table 1.0.

3.0 XN-3COMPARISONTO.(9X9) DATABASE _
.

e

!
! Exxon has used XN-3 to predict the critical power for each of the 241 test

points in the expanded dat' base. The ratio (CPR) of the predicted criticala

i-

i f
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I
g power to the measured critical power has been determined for each test

point and used as a basis in determining the ability of the correlation to l

predict critical power. The CPR predictions for each test point have been !
a statistically combined to determine the overall mean and standard deviation,

thereby characterizing the frequency distribution of the data comparison. |

The prediction of assembly critical power may be characterized by a normal
distribution with a mean of 0.959 and standard deviation of 0.041. .

.
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Table 1.0 {
4

$'

e

:
TEST CONDITIONS FOR 9X9 DATA ,

t

. .

i
?

- Range i
i,
,

Pressure (psia) 595 - 1215,

MassVelocity(MLb/hrftz) .242 - 1.609 ;

.

InletSubcooling(BTU /Lbm) 0 - 203

o

Bundle Average Steam Quality at Boiling Transition .2 .8

Maximum Local Power Peaking 1.135 - 1.177
,

. .
,

5 Factor 1.02 - 1.031
r

t

Axial Power Peaking Unifonn - 1.40 :

chopped cosine

-
.
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Examining the ENC data from Columbia and comparing it with data from the
ATLAS facility shows the mean of the ENC data is 0.957 while the mean of
the ATLAS data''is 0.965.

4.0 STAFF EVALUATION

ThestaffhasreviewedXN-3(Revision 1)comparisonstoexperimentaldata .

and finds that it accu.rately reproduces this data base. Although the
extended data base consists of only 241 test points they do cover the

expected range of con,ditions and the data base contains the range of
geometries for current Exxon 9x9 fuel designs. In reviewing this data base
the staff was concerned that the fuel rod pitch of 0.572 inches which Exxon
plans to use in future reloads in BWR/3-5 applications was not explicitly .

included. The staff submitted the following question in this regard to Exxon:

The. fuel rod pitch identified for the ENC 9x9 fuel in
XN-NF-81-21(P) Revision 2, is 0.572 inch. The rod

pitch in the test sections used for verification of

| . th.e XN-3 correlation for 9x9 fuel applications is 0.563
inch. Please explain the discrepancy and justify the

g use of the atypical test sections for validation of the
XN-3 correlation for 9x9 fuel applications.

Exxon provided the following response:

ENC Response

"The rod pitch in the test sections is typical of 9x9 fuel for BWR/6 appli-

.

cations; the fuel design reported in the generic fuel design analysis is
for the slightly larger lattice associ.ated with BWR/3-5 applications.

I
I
I 5

.
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Phenomenologically, boiling transition for BWRs is dominated by stripping the
liquid layer due to high steam velocities. The influence of rod size and rod !

pitch upon this phenomenon was not apparent in the original datalupon which !

the XN-3 correlation is based, although a range of rod sizes and pitches was
evaluated in the original documentation. Based on observation of the original

,

correlation data, the impact of'a fuel rod pitch of 0.563 inch rather than |
-

0.572 inch in extending the applicability of the correlation of 9x9 designs is
,

' relatively unimportant. j
|

The trends noted in the XN-3 data base show a slight conservatism at the lower f
pitch values relative to the XN-3 predictions. This consistent conservatism

;

is also shown in the impact of hydraulic diameter. When these parameters are ;

considered.together, however, there are no readily observable trends. This -

,

lack of trends is shown by comparing the correlation error as a function of ,

i the ratio of the rod pitch to the hydraulic diameter. These trend analyses '

indic' ate that the effect of rod pitch and hydraulic diameter are insignificant
to conservative in the ranges of these parameters typical of BWR fuel.

!
|

.

; The rod pitch covered in the test sections ranges from 0.563 inch to 0.738 inch. |

The 0.572 inch' fuel rod pitch characteristic of the 9x9 fuel fabricated for
; BWR/3-5 applications is bracketed by the range of hydraulic diameters covered

,

I in the test sections. 0.450 to 0.525 inch. The fuel rod outside diameter of
the 9x9 fuel for all BWR applications is covered explicitly in the data base.
The data presented in XN-NF-734(P) extend the limits of applicability of the )
XN-3 correlation to cover the 9x9 lattice configurations to be fabricated for i

|
BWR/3-5 and BWR/6 applications." ;

|
.

The staff agress in principle with the Exxon response, however, we find that it
would provide insufficTent justification for using XN-3 with a mean of'O.959 as'

calculated for the 9x9 data set. However, since in Reference 4 Exxon has agreed

to use the previously approved mean of 0.997 for XN-3 instead of the 0.959 cal-
culated for the 9x9 data it will'be conservative to apply XN-3 as previously ,

approved for 8x8 assemblies. Thus, the staff concludes that XN-3 as approved in

:
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h Reference 5 may be used by Exxon in developing its design limits for reload !
cores containing Exxon 9x9 provided the ranges of applicability given in |

| {
Table 2 are not exceeded.
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Table 2

:

RANGES OF APPLICABILITY FOR

XN-3 (REVISION 1 FOR 9X9 ASSEMBLIES

,

Mass Velocity - Range of enthalpy
**

Mlb/hr-ft 2 at boiling transition
i, BTU /lbm

0.25 953.0 - 1112.0
.

0.50 834.8 - 946.2,

.

,

0.75 741.9 - 858.0
,

1.00 668.0 - 802.0

|
~ -

.

[ 1.25 629.6 - 758.5
t

( 1.50 618.5 - 750.4

i -

|
|

|
~

1

.
-

.-

|

8

-
__ ._ __ _ _ _ _ _ _ _ _ _ ._-



- . __ _ _ -__ _

.

I

I ;

5.0 REFERENCES

1. R. B. Macduff and T. W. Patten, XN-3 CRITICAL POWER CORRELATION,I XN-NF-512(P)(A), Revision 1. October 1982.

2. S. Pimpoutkar and M. Gross, The Thermal-Hydraulic Performance of an
'

81 Rod Bundle Under Boiling Water Reactor Conditions,1979 Meeting

of the European,Two-Phase Flow Group, ISPRA, June 5 - June 7.

3. R.-B. Macduff, Exxon Nuclear Critical Heat Flux Data Base For ;

Boiling Water Reactor Fuel - Data Supporting 9x9 BWR Fuel, XN-NF-

81-15, Supplement 1. August 1983.I .

4. Letter, J. C. Chandler (ENC) to C. O. Thomas (NRC), dated

I' ;

November 19, 1984 (JCC:154:84).

,

E
. . .

5. Memorandum, L. S. Rubenstein to R. L. Tedesco " Review of Exxon

Nuclear Company's XN-3 Critical Power Correlation", June 17, 1982.

-

;-

I
I
I

I

I
.

I
I

9g
-

:
.

- _ _ - _ - - - - _. . .. _



I
:

t

!
XN-NF-734(NP)(A)

I :
:
I

I
;

I
CONFIRMATION OF XN-3 CRITICAL POWER CORRELATION

FOR 9x9 FUEL ASSEMBLIES

I
i

I !
!

i
I

i

I *eu -R see>
!
l
'

(I
:

I
I ,

I .

I
| .

I'

ERON NUCLEAR COMPANY,Inc.

I
.

- . _ _ _ _ _ _ - . - _ -.



/

I

I
XN-NF-734(NP)(A)

I .

I
I CONFIRMATION OF XN-3 CRITICAL POWER CORRELATION

FOR 9x9 FUEL ASSEMBLIES

I
~

I
J 7.L, / ?3Prepared by: v

DateR. B. Macdurf ,f f,

-.

f!2MJ4i ,-* 'Approved By: e

DateJ.g.Patterson,ManaaerI Feel Development and Testina
;

-
. _{ ' / ) ;'/f j*

-

..
.

K. N. Woods, Manacer Date
Fuel Research and Corporate Services

1 ^

I !~ , a| . .J .- -

/t

R. B... Stout , Manager Date ,

Licensing and Safety Enaineering

I
.

I *- ~ ~ ~ ~ " = -
-

Fuel ~ cineering and Techt :al Sen ;;es j
|

'I
jrs

.

_ , , _ _ __ _ ~,_ __- _
.

_ . , - . . , .



a

,

u

NUCLEAR REGULATORY COMMIS$3ON DISCt AIMER

,

IMPORTANT NOTICE REGARDING CONTENTS AND USE OF THis OOCUMENT *

PLEASE REAO CAREFULLY

This technical report was tierived through reserch are deveiooment
programs soonsored by Emmon Nudeer Company, Inc. It is being aab-
trutted by Eamon Nuclear to the USNRC as part of a tecnnical contn-
bucon to facilitate safety analyses by licensees of the USNRC which
utiliam Eamon Nudear fabricated reload fuel or otfer technical services
growded by Emmon Nuclear for licht water power reactors and it is true
and correct to the best of Exxon Nucleer's knowledge, information, ,

and bedief. The informacon contained herem may be used by the USNRC
in its review of this repurt, and by liensees or apohcants before me
USNRC which are customers of Emmon Nudeer in their demonstracon
of comoliance with me USNRC's regulacons.

Without derogeeng from the foregoirg neither Eamon Nuc!aer nor
any person actmg on its behalf:

A. Mekas any warranty, enorses or implied, with respect to
the acaaracy, completenem, or usefulness of the infor-
mation contained in this documet, or mat the use of

any information, apparatus, method, or process disclosed
in mit document will not infnnge privately owned nghts:
or

.

8. Assumes any lis.Oilities with respect to the use of, or for!

darra,se resaltry from the use of, any information, as> ,

paretus, methool, or process disclosed in thes document. f
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XN-NF-734(NP)(A)

I
I

CONFIRMATION OF XN-3 CRITICAL POWER CORRELATION

FOR 9x9 FUEL ASSEMBLIES

I
I

1.0 INTRODUCTION AND SUMMARY

This document reports the data and analysis which confirm the applica-

bility of the XN-3 critical power correlation ( } for 9x9 fuel designs. The

analysis of 241 data points obtained by ENC at Columbia University and from

the open literature ( demonstrates the adeouate, yet conservative capability

of XN-3 to predict critical power for 9x9 fuel assemblies. Three different

assemblies representative of 9x9 fuel designs have been considered. The

designs include uniform and non-uniform axial profiles of full length rods,I ) Thearid spacers prototypic of BWR designs, and

rance of operating conditions considered is shown in Table 1.1.

The XN-3 correlation has been used to predict the critical power for each

point in the'9x9 data base. The ratio (CPR) of the predicted critical power

to the measured critical has been determined for each test point. Ccmoarison

of the predicted . ,and measured gritical powers, is shown in Figure 1.1; in

ceneral measured critical powers are slightly creater than predicted critical
s

powers which ce-onstrate the conservative nature of the %-3 correlation in

0 fuel.Ct

I
,

I ;
!
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:
Statistically, the data were characterized to determine an overall mean r

and standard deviation. The mean CPR for the 9x9 data is 0.959 with a stand- I
!

ard deviation of 0.041. The distribution of the data is approximately normal. ,

- The data were statistically evaluated with the result that the mean of

the data from the ATLAS test reported in the open

literature 2) could not be considered different from the mean of the data
,

-
_

-

from the Columbia University tests. ,
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'
,

I

Table 1.1 Test Conditions for 9x9 Data

I |
Range ;

I Pressure (psia) $95 - 1215

Mass Velocity (MLb/hrft ) .242 - 1.609
|

2

I :

Inlet Subcooling (BTU /Lbm) 0 - 203 !

fBundle Averace Steam Quality at Boiling Transition .2 .8

I I
-

:

Maximum Local Power Peakino 1.135 - 1.177

i

1.02 - 1.031S Factor .

I Axial Power Peakino Uniform 1.40
chooped cosine

I

I
I
I
I
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I
2.0 EXPERIMENTAL DATA SUPPORTING XN-3 CRITICAL POWER CORRELATION

FOR 9x9 APPLICATIONS

The data come from two sources. Exxon Nuclear Company sponsored criti-

cal heat flux tests at Columbia University while other tests were conducted in

the ATLAS facility and reported in Reference (2). The test section descrip-

tion and rod layout are reported in Reference (3) for each of the sections.

Appendix A shows cross sections of the rod layout of the ENC-sponsored tests.

Relative rod power and pertinent bundle geometry are included. Appendix B

shows the cross section of the 9x9 test section at the ATLAS facility, the

ceometry and axial power profile. Further, in Appendices A and B, each data

point is presented including the measured bundle power, the predicted bundle

power, and critical power ratio.

The measured versus predicted critical powers are shown in Figures 2.1,

2.2 and 2.3. The data from section JP-10 are shown in Figure 2.1. The mean
' .- .

I
-_ ,_

CPR for the points is with a standard deviation of The
. - _ - _ -

_

measured and predicted critical powers for test section JP-11

I are compared in Figure 2.2. The mean CPR for the
--

_ - - _

points is with a standard deviation ofI _ _ _

I -

I
~

I
I
I

. - -
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The measured versus predicted critical power for the ATLAS data is shown {
- -

in floure 2.3. - The mean CPR for the data points is with a stanoard !.
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I 3.0 DATA REDUCTION METHOD

3.1 UNIFORM AXIAL ASSEMBLIES

The procedure detailed in Reference (1) using an explicit critical

power relationship for uniform axial assemblies was applied for analysis of

test sections JP-10 and JP-11. The critical heat flux was corrected, where

appropriate, for the S factor.

3.2 NON-UNIFORM AXIAL ASSEMBLY

The data presented in Reference (2) required reduction from graoh-

ical presentation. The flow and pressure were known as the cuantities given

in the test and represent rounded values of the actual experimental flows.

Power and inlet subcooling were taken from a graphical presentation. The

power is expected to be a correct representation within I and the sub-

I -- -
-

coolino is expected to be a correct representation within
. -

'

The oata were converted from metric (SI) units to English engi-I
neering units and an analysis was performed for this non-uniform

_ _

axial case. The F-factor as described in Reference (1) corrected the correla-

tion prediction to account for the non-uniform axial. The reduced cata is

shown in Appendix 8.

I
I

S

I
I

.
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I 4.0 STATISTICAL EVALUATION

The CPR predictions for each data point were statistically combined to

determine the mean CPR prediction and the standard deviation. The mean (x)

and standard deviation (s) are used to characterize the frecuency distribution

of the XN-3 predictions. The overall standard deviation takes into considera-

I tion the variation amono data sets. The mean and standard deviation of a

oiven data set are calculated by standard statistical expressions. The over-

all mean and standard deviation are determined by a weighted combination of

the test section means and standard deviations. The weights are determined b'y

the number of data points within each group. The overall standard deviation

is determined from the standard d.tviation of each data set and the standard

deviation between data sets. The result of this analysis for the 241 data

points is a mean of 0.959 and a standard deviation of 0.041. Table 4.1

provides a statistical summary of the CPR predictions.I -
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I
TABLE 4.1

I
I Section N (X) (g)

~ ~
~ ~

~ ~

3P-10

3P-11

ATLAS .__ _ , _

'

Overall 241 .959 .041

I
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I
APPENDIX A

EXXON SPONSORED CHF TEST RESULTS

'

FOR 9x9 APPLICATION
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I

APPENDIX B

ATLAS CHF TEST RESULTS

FOR 9x9 APPLICATION

I

I
(This appendix consists entirely of proprietary materialI and has been deleted for this document.)
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