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core coolant pressure, channe) mass velocity, planar enthalpy,

local peeking
function (FEFF), radia) and axial POwer, and channel geometry, The major

calculationa) uncertainties are determined by the loca)
The power distribution uncertainty is
calculationa) uncertainty is given in
The determination of the channe! flow
Cérlo determination of the SLMCPR are
methodology and are summarized inm the

power and channel flow.
given in Reference 8 and the channel flow
Chapter 3 of the subject topical report,
caleulation uncertainty and the Monte

the principal elements of the CPR
following sections,

2.1 Core Flow Distribution

The core flow distribution and individua) bundle f)
to the ANFB correlation and the determination of

calculation of the core flow distribution assumes a set of flow resistances
connccted in series and parallel linear network., The core and the core by~ass
are represented by a set of paralle) resistances from the )ower plenum to the
upper plenum. The pressure drop across each of the parallel flow paths is
calculated by the channe! flow mode! using the hydraulic resistance of the
channel and the channe! flow. The bundle-wise flow distribution is determined

iteratively by imposing the condition that the parallel flow paths have a
common pressyre drop.

Ows are required for input
the bundle critica) power, The

in the channe) flow model, the bundle pressure drop 1s calculated (by the
momentum equation) as the sum of the fue! compcnent hydraulic losses. The twoe
phase component losses are determined by two-phase friction multipliers. Th
void fraction mode! used in the chinne] flow mode)
description of two-phase separated flow and include

e
15 based on a mechanistic

$ @ subcooled void mode!,

The ANF two=phase flow mode! has been validated b

measurements for BWR prototypic rod bundles.

of axial power shapes, mass velocity, pressure, inlet enthalpy, quality and

assembly power, The ANF models reproduced the measured pressure drops to
Within about 3 percent (Ref, 9)

Y comparison to pressure drop
Comparisons were made for a range







statistical uncertainty cumponent of the effect of chann

el bowing is estimated
using the bowing uncertainty together with conservative maximum powers=to-bow
sensitivities. This uncert

tainty 1s then included in the standard ANF Monte
Carlo safety limit analysis (Section 2.2).

3,0 TECHNICAL EVALUATION

The critical power methodology described in ANF«524(
ANF to determine the therma! margin SLMCPR for boili
Revision 2 of ANF-524(P) documents (1) the changes that will be required for
consistency with the new ANFB critics) power correlation and (2) the power

distribution uncertainties that result from the application of MICROBURN«B.

Supplement 1 of Revision 2 describes the assessment of f
The review of the initial report resulted in 3 seri

transmitted to ANF in References 7+9. The evaluation of the CPR methodology
topical report ANF=524(P) Revision 2, and Supplement 1 and the responses to

staff questions (Refs. 4-6 and 10-12) are summarized in the following
sections,

P) 1s the procedure used by
ng water reactors,

uel channel bowing,
es of quastions which were

3.1 Uncertainties Used in the Determination of the SLMCPR

In the new ANF critica) power methodology the
measurement uncertainties have been revised 2nd are given in Table 5.1 of ANF-
524(P) Revision 2. In the new CPR analysis, the inlet enthalpy s determined
from a core heat balance, but the inlet temperature uncertainty is not required.
The inlet enthalpy uncertainty is determined by randomly varying the core flow
and feedwater temrerature and flow input to the heat balance in the SLMCPR
caleculation, As in the previous XN-3 analysis, the uncertainties in the flow
areas and hydraulic parameters are included in the flow uncertainty, and the

uncertainty in the heated and wetted perimeters is included in the ANFB
correlation uncertainty,

values for calculationa) and

The uncertainty in the additive (-constants that account for the ¢

PR dependence
On spacer design is evaluated in ANF-

1125(P) Supplement 1. The uncertainties

- e ey e
S P W R e AN N



depend on fuel design and have been evalyated for the ANF«Bx8, ANF<Ox0, KWU<9x9
ang KWU/ANF-8X9.1X fue) gesigns. The ANF<BX8 and ANF9x9 fue! requires the

largest Lsconstant uncertainty 20.02 in units of loca) peaking,

The MICROBURN«E uncertainties are described in detai) in Reference 8, which

'S presently under separate NRC review, The MICROBURN«B uncertainties used in
a specific SLMCPR application should be
application of the new SLMCPR methodo
by increasing the bund)
correlation,

based on the NRC approved values, The
logy to mixed cores wil) be accommodated
e flow uncertainty, as is presently done for the XNe3

The new CPR methodology fncludes both the reduced ANFB CPR correlation and
MICROBURN«B power distribution measurement uncertainties, ANF has indicated in
Response 11 (Ref. 4) that no plants will be licensed that use the new
MICROBURN«B methodology together with the XN«3 CPR correlation, However, the
new ANFB correlation Mmay be used with the XYGBWR power distribution methodology

and, in this case, the radia) bundle power uncertainty will be increased to the
presently approved value for XTGBWR,

It 1s concluded that the treatment of uncertainti

es in the new ANF CPR
methodology 15 acceptable,

3.2 ANFB CPR Correlation Bias

Comparison of the predicted and measured critical powers indicates that ANFB
Predicts a database mean of 1.003. In Response 4 (Ref, 9) ANF indicates that
this nonconservative bias will be offset by two additiona) conservatisms in

the ANF CPR methedology, First, a 0.01 CPR conservatism has been included as a
result of a systematic ANF overprediction (by a factor of two) of the number of
rods experiencing bo1ling transition. Second, the b

undle power s increased by
10 percent in the ca)

culation of transient delta<CPR,
It 1s concluded that sufficient conservati

SM 1s available in the ANF CPR
metnodology to offset the

Mmean bias in the ANFR correlation.



3.3 Selection of Statepoint Variables

The SLMCPR is determined by the condition that 99.% percent of the rods avoid
boiling transition. The calculated number of rods that satisfy this condition
s sensitive to the initia) reactor statepoint variables (power Tevel,
pressure, flow, power and flow distribution, ete.). In Response 7 (Ref, 4),
ANF has stated that worst-case conditions that put the maximum number of rods
Closest to the SLMCPR have been assumed in the AN calcylation of the SLMCPR,

The ANF selection of the reactor statepoint variables is, therefore,
acceptable,

3.4 ANFB Correlation Uncertainty

The uncertainty in the ANFB CPR correlation is introduced into the SLMCPR
calculation as an uncertainty in the local peaking additive constants. The
calculated sensitivity of the ANFB predicted CPR to variations in the constants
s minus two; that is, an increase in  of 0.01 results in 3 decrease in CPR of
0.02. The standard deviation between the ANFB calculated CPR and the measured
database is 0,03 for ANF-8x8 fuel, for example, which is Tess than the 0,04

CPR uncertainty resulting from the assumed = 0.02 L-constant uncertainty

(Table 5.1)., 1In Response 10 (Ref. 4), ANF has stated that the CPR correlation

uncertainty 1s always bounded by the CPR uncertainty introduced by the additive
{-constants,

The uncertainty in the Qecunstants 1s assumed to have a norma) distribution,
The relationship between the additive (-consta
good approximation), and the observed normal distribution of the CPRs given in

Response 3 (Ref, 4) demonstrates that the l-constant distribution may be
accurately represented with a normal distribution.

nt and CPR is linear (to a very

It is, therefore, concluded that the treatment of the (

=constant uncertainty is
acceptable,
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power. The statistica) variation in the gap dimensions, however
rancom spatial variation into the TIp response,
variation contributes to the measured TiP

SLMCPR analysis as part of the XTGBWR (Ref

power distribution uncertainties.

v Introduces a
This detector response
ésymmetry and is included in the

« 13) and MICROBURN«B (Ref, 8) radial

The ANF methodology for evaluating

the effects of channe) bowing is therefore
considered acceptable.

4.0 TECHNICAL POSITION AND LIMITATIONS

The ANF eritical power methudology described in the ANE.

the channel bowing supplement ! and in the ANF responses provided in References
4 and § has been reviewed,

The ANF methodology has been
for performing safety limit MCPR analyses un

524(P) Revision 2 and

-

found to be acceptable
der the following Timitations:

3: 1 The NRC-approved MICROBURN«B power distribution uncertainties should be
used in the SLMCPR determination (Section 3.1)

L

2, Since the ANFB correlation uncertainties depend on fue!

plant-specific applications the uncertainty value used f
additive constants should be verified (Section 3.4),

desian, in
or the ANFB

3.  The CPR channe! bowing penalty for non-ANF fue! should de made using

conservative estimates of the sensitivity of local power peaking to
channe! bow (Section 3.5.3).

The methodology for evaluating the effect

of fuel channe! bowing is not
applicable to reused second-lifetime fue)

channels (Sections 3.5.1 and
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NUCLEAR REGULATORY COMMISSION REPORT DISCLAIMER

IMPORTANT NOTICE REGARDING CONTENTS AND USE OF TMIS

DOCUMENT
PLEASE PEAD CAREFULLY

This technical report was derived through research and Jevelopment ro-
grama sponsored Dy Advanced Nucioar Fuels Corporation. It 18 being submit-
o0 Dy Advanced Nuciear Fueis Corporation 1o the U.S. Nuciear Reguiatory
Commission as part of a technical contribution 1o faciiitate safety analyses
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Fueis Corporation s knowieage, information, and belie!. The information con-
lained herein may be used Dy the U.S. Nuciear Reguiatory Commission in its
review of this report, and under the terms of the respective agreemants. by
licensees or applicants defore the U.S. Nuciear Reguiatory Commission
which are customars of Advanced Nuciear Fueis Corporation in thew
demonatration of compliancs with the U.S. Nuciear Regulator, Commiasion s
raQuiations.

Advanced Muciear Fuels Corporation’s warranties and representations son-
ceming the subject matter of this document are those set 1orth in the agree-
ment between Advancad Muciear Fuels Corporation and the customer !0
which this document is issued. Accordingly, except as otherwise expressiy
Provided in such agreement, reither Advanceo Nuciear Fueis Corporation nor
ANy person acting on its benait:

A Makes any warranty, or representation. express or im.
plied, with respect 10 the acCuracy, compieteness, or
usefuiness of the information contained in this Jocy
ment, or that (he use of any information. apparatus.
method, Or Process disciosed In this document will not
infringe privately owned nghts, or

B. Assumes any liabilities with reapec! 1o the use of ar for
damages resuiting from the use of. any information. ap-
Paratus, Method. Or Drocess J/sCiosed In 118 Jocurnant
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Summary of Changes foi' Revision 2
| 28ction Lescription of Changes
1.0 Jpdated to reflect use of ANFB correlation
2.0 Minor typographical
3.0 Miner typographic
4.0 Updated to reflect change from XN-3 CPR correlation

-
the ANFB CPR correlation

5.0 Updated to reflect use of ANFB correlation in safetv
{ Iimit analysis and to define new urcertainties ated
to updated neutronics methodology
6.0 No changes
7.0 Updated reference list with current document revisions
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INTRODUCTION
This document describes the Advance
methodology used for determination
reactor Revision
This methodo

critical heat flux correlation in determination

minimum critical power ratio (MCPR

operating limits is also presented.
limits is the oreservation of the fuel
conservative assumptions which over estima
of fuel clad integrity Therefore, the

a level of protection

The thermal margin determination

calculations. React
experimentally lculationally determined
characteristics nd experimentally ified
lowing the calculati of core flow
correlation can be u to determine
1s1tion. 1) ; y 1imit 1s derived by
thermal calculational uncertainties
associated with reactor instrumentation
fate level of core protection from bo
in margin due to reactor system

1sh the 1imit for normal reactor
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boiling transition. Considerable data exist to show cladding integrity can be
maintained for an extended period of time in boiling transition.(3:4) Boiling
transition is characterized by a degradation of rod surface heat transfer and
a subsequent rise in clad operating temperatures. Because boiling transition
is not a directly measurable quantity in an operating reactor, it is
quantified in terms of the critical power ratio (CPR) which is derived from a
critical power correlation, The critical power correlation is an empirical
representation of the assembly coolant conditions at which boiling transition
has been experimentally detected. The ~ritical power ratio is defined as the
assembly power required to produce boiling transition divided by the operating
assembly power, The safety and operating limits of a reactor core are
expressed by the allowable MCPR,

The reactor system transients and events which are plausible for a BWR
are classified according to expected or observed frequency of occurrence in
accordance with established standards.!®) These transients and events are
analyzed with methodology described elsewhere(8):(17) to determine their
impacts upon fuel rod performance, which are characterized by a change in the
MCPR (ACPR) from steady-state during the transient. The largest ACPR due to
the reactor system transients or events is added to the MCPR safety limit to
establish the MCPR operating limit. Reactor operation is restricted such that
the observed MCPR is always greater than or equal to the MCPR operating limit,

The level of core protection which has been established for BWRs(1S) i
that 99.9% of the fuel rods in the reactor core are expected to avoid boiling
transition when the reactor core is operating at the MCPR safety limit.
Derivation of the MCPR safety limit is performed with a design basis power
distribution which conservatively represents expected reactor power
distributions for normal reactor operation and as a consequence of reactor
system transients. With ANF's revised methodolegy, a deterministic approach
is incorporated in evaluating the expected number of rods in boiling
transition for a specified safety limit MCPR.
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In summary, the procedure used tu “sterminrz _he MCPR of a BWR and to
establish the MCPR safety limit is described within this document. The
determination of MCPR includes a calculation of the distribution of reactor
coolant flow which provides data for the critical power calculation. The MCPR
safety 1imit is established with a design basis power distribution and a
statistical convolution of the measurement and calculational uncertainties
associated with the determination of MCPR. The MCPR safety limit, in
conjunction with reactor transient and event analyses, establishes an
operating limit on MCPR which in turn limits the range of reactor speration.
The MCPR 1imit on reactor operation provides for the maintenance of fuel rod

cladding integrity during normal operation and reactor system transients or
events.,
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The results of the calculation of core "low distribution are the bypass
flow fraction and the distribution of coolan. €low and enthalpy throughout
the reactor core. For the determination of the safety limit, the relationship
between assembly flow rate and assembly power is determined for each fuel
type.

3.1 Channel Flow Model

The channel flow model is used to determine the pressure drop across each
flow path identified in the core hydraulic model and s used to determine the
core pressure drop.

The calcuiation of pressure drop is based upon the momentum equation for
separated flow(ll) and may be written as:



The pressure gradients defined by relation

integrated over the fuel length to determine the overal
numerical inte dure ch 1s used reduces
lculated 3 t no zation and thereby

“ .

ca

accurate on of the pressure drop as described in Reference

The ! drop and, therefore,
dependent upon the hydraulic losses,
Jistribution present that assembly
are characterized by single-phase hydraulic
assembly power is manifested in the pressu

nodels.




central orifice zone at

Iwo-Phase Flow Models

0 determine an

determine gravitational and

part of the methodology for ¢

1

txperimental pressure

Avnn
ar J i

.l :
Lotumbia University

yniform a

operating

1ating




"~

3.2.1 VYoid Fraction
The void fraction corre

based upon a mechanistic description
incorporates the effects of integral

fraction correlation i1s a function of

the

quality, and rod surface heat flux within an

is inciuded in the void fraction correlati

:
non-equiiibrium

1.9 9 T Phace Endrtd 1194 n1iane
g wo-rFhase Friction Multipliers

»

ass

ressure

emb iy A

w




-

ic Test and Anglysis

The single-phase fuel ass

determined by analytical procedur 0! ) experimental

case that hydraulic characteristics are determined expert

draulic test facility (PHTF) fis to
15565 associated with both ANF fuel
otential for experimental

ac @s and te

- N










ANF-524(NP) (A)
Revision 2
Page 16

The ANFB correlation has also been compared to transient boiling
transition data. Assembly power and flow were varied in a manner typical of
anticipated transients until boiling transition occurred. It was determined
that the ANFB correlation conservatively predicted the time to boiling
transition, indicating that use of the ANFB correlation to predict critical
power during transient operating conditions is conservative.

The ANFB correlation has also been used to predict the number of rods
experiencing boiling transition for representative test data. The number of
rods in an assembly calculated to be in boiling transition, as predicted by
the ANFB correlation, is found to be a conservative prediction of the tota
number of rods in boiling transition for a particular data point,

¢ 2 Lritical Power Analvsis
The calculatfon of assembly therma) margin is performed following a
thermal hydraulic calculation which determines the flow distribution within

the core. The flow distribution is determined by the core flow analysis
described in Section 3.0.
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FIGURE 5.1 FLOW DIAGRAM FOR SAFETY LIMIT ANALYSIS
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Answer 11

The change from XTGBWR based POWERPLEX to MICROBURN-E based POWERPLEX i
Implemented through the use of the anpropriate Radial Bundle Power Uncertainty factor. The
h /dravlic models in the two monitoring codes have not changed

No plants will be licensed with a methodology that uses a MICROBURN-B/XN-3 combination
I @ plant is upgraded to ANFB but retains an XTGBWR based version of POWERPLEX the

appropriate Tadial Bundie Power Uncertainty factor for XTGBWR based POWERPLEX will be
used

In general, the ANF-524(P) methodology can be used with any core monitoring code if sufficient
information is available about uncenainties associated with the core monitoring code and ANFB
is used for CPR calculations

Question 1z

HOw are the uncertainties in the bundie geometry factors (e 9. bundle flow areas, heated area
e1c.) accounted for in the statistical analysis?

Answer 12
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How is the effect of ¢hannel bowing on the bundie K=, core reactivity and shutdowr
margin and bundie pywer distribution accounted for?

What bundie displacements are calculated? Are displacements perpendicular to the
bundle face and diagonal bundie displacements analyzed? I|s this selection of
bundie displacements consistent with the channel bowing measurements? Just'‘y

the use of a reduced set of bowed geometries to represent all expected bundie
displacements

Bundie displacements that are both perpendicular and diagonai 1o

bundie face have

~ sa -~ i 1 -~ - Ty, ~ o~ . ” : ‘B A . S~
deen analyzed ne dundie displacements are consistent witr e channel DOw
aalir . A rarinas \{ Ao brig o o - . Y - P e P
measurements. A reduced set ¢ eometries is used 10 simpiify the overall calculalc

"nA at the ear P e—— . LN a satad in ~Aare aanmaot
process and ai the same time conservatively bound the expected core geomet

0




Discuss the applice Jility of XN3 and or ANFB to the radially and axially bowed
channel geometry? |s the internal rod-to-rod pitch preserved?

N.A and ANER Aan b : g annliias te th Al AREMAE
XN<3 and ANFB can d ) valively appleg 1o the bowed cha )
tadnd oiteh e

PpIC $ assumed 10 Le preserved in the region wnere

the mechanica

What is the effect of channel bowing on the bypass flow distribution?
) YE

What procedures are used in the fuel loading/orientation which atfect the channel-to-
channel spacing? How are these procedures accounted for in the determination of
the effects of channel bowing?

: A 4 . v , ’ o " 7 . 7 A . ~h e
in the ANF evalualio of channel bow, utility procedures which define fue

ioading/onentation are not considered and therelore nave

no impact on channei-t

channel spacing. The largest potential channel bowing is assumed in the analys

g IS t
methodology




’ [« A A
{ 54 (N
i 'D:‘ »r ™é ')
€ How does channel bowing and the associated fue icading orientation procedures

affect the calculation of the DMCPR for & fuel misioading misorientation error?




What boundary conditions are assumed in the CASMO-3G calculations and how (s
the sensitivity to the boundary conditions accounted for in determining the power
increase?

Describe in detail the calculation of the R-factor uncertainty resulting from the
channel bow uncertainty, Justify any approximations or assumptions in this
determination,




A

What cycle-dependent input wili be used t0 determine the channe bow? Will the
bow be estimated using bundie-specific values of initial bow, fluence, etc

2

How will the bowing and R-factor sansitivity be determined for mixed cores of ANF
and non-ANF fuel?
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Are all uncertainties in the determination of the cycle-specific gap spacing and the
bowed power maps included in the R-factor uncertainty, For example, how is the
unceriainty allowance determined ard accounted for:

(1) the strain dependence on bundle-specific fluences, initial bow, etc,,

(2) the dependence of the gap spacing on the cycle-specific fuel loading,

(3) the dependence of the bowed power maps on the neighboring fuel bundies
(rather than those assumed in the four-bundie cell caiculations), and

(4) the four-bundie cell bow model - lLe., representing all possible bowed
geometries by the selected set of calculated displacement patterns.

The uncertainty allowance is accounted for as foliows




What conservatism has been incorporated into the calculation of the channel-to-
channe! spacing and the bowed channel power maps?

How will the effect of channel bowing on the LHGR be accounted for?
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Discuss in detail how the channel-to-channel spacings are determined for a specific

core and fuel loading. How do you account for (1) the spacing dependence on the

fuel loading and the number of exposed bundies in a four-bundie cell and (2) the
dependence of the power maps on the neighboring fuei bundies? How are C and

D lattices distinguished?

How is the exposure and void dependence of the bundie pin power maps accounted
for?

v

What, if any, geometrical variables (e.g., radial bundle displacement, total gap

spacing, etc.) are used to correlate the CASMO-3G calculated power maps as a
function of channe! bowing?




How is it assured that the selected four-bundie cell calculation will conservatively
represent the typical four-bundie cell in the reactor?

Demonstrate that the ANF TIP and power distribution measurement uncertainties are
sufficient to account for the effects of channel bowing

How is the fuel channel bowing and the associated standard deviations determined?

O Dase methods that are used o velermine ¢




Channel bowing data for GE, CARTECH and ASEA channels has been obta'ned from
several sources (including EPRI, KWU and the Swedish Regulatory Authoiity) and
I8 used 10 determine the cycle-dependent expected channel bow in order ¢
dermnonstrate the adequacy of this data to represent all intended channel suppliers
core loadings and fuel exposures, please provide the data to be used in the
determination of the mean channe! bow




The staff found no information in this submittal which addresses second channel box
lifetime, thus, we assume that only single lifetime is intended
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Request for Additional Information on the
Assessment of the Effects of Fuel Channel Bowing







ANF-524(NP)(A)
Revision 2

ANF-524(NP)(A)
Supplement 1
Revision 2

ANF-524(NP)(A)
Supplement 2

issue Date

ADVANCED NUCLEAR FUELS CORPORATION CRITICAL POWER METHODOLOGY

FOR BOILING WATER REACTORS

RA Copeland/US NRC (15)



