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We have completed our review of the subject topical report submitted

May 30, 1980 by Exxon Nuclear Company (ENC) letter GF0:096:80. We

find this report is acceptable for referencing in license applications

to the extent specified and under the limitations delineated in the report
and the associated NRC evaluation which 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 and found acceptable when the report appears as a reference in
license applications 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 ENC publish accepted versions of this report within three months of
receipt of this letter. The accented version should incorporate this
letter and the enclosed evaluation between the title page and the abstract.
The accepted version 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, ENC and/or the applicants
referencing the topical report will be expected to revise and resubmit their
respective documentation, or submit justification for the continued effective
applicability of the topical report without revision of their respective
documentation,

Sincerely,
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Cecil 0. Thomas, Chief
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1.0 INTRODUCTION

The limitations on the total power produced by a boiling w:ier reactor (BWR)
are o.tablished such that hoiling transition will not occur curing nomal
oreration and reactor system transients. By preventing boiling {ransition,
adequate heat transfer is maintained between the fuel roc cladding and the
reactor coolant. This ensures that the fuel cladding intecrity is maintained
and a barrier between the reactor fission products and coolent exists.

Since boiling transition is not a measurahle quantity, the z-ount of thermal
margin present ir a BWR core is expressed in tems of the critical power ratio
(CPR). The methodology used by Exxon tuclear Company (END) to determine the
minimum critical power ratio (MCPR) of a BWR is presented in topical report
XN-1F-524(P), (Ref. 1).




2.0 DESCRIPTION OF REPORT

ine nitial step in the ENC CPR methodology is the deteminztion of the flow
distribution in the reactor core. Since BWR fuel assemblies are surrounded by
metal channel boxes, ENC models the core as parallel flow paths having equal
pressure drops between the upper and Tower plenums. An iterative solution
process 1s used to determine the core flow distribution. The individua)
assenbly flow rates are adjusted until the pressure drops for all of the
assemblies are equal and the sum of their flows equals the core flow.

The models and correlations which form the basis of the ENC pressure drop
methodology are given in XN-NF-79-58(P), (Ref, 2), Also included in the core
flow distribution calculation are the energy deposition rate in the active
ceolant and the bypass flows.

Once the core flow distribution is determiined, the amount of therma) margin is
celculztes using the XN-3 critica)l power correlation. The X'-3 correlation was
developes from 300 data points obtained from 20 different test assemblies. A
complete description of the XNh-3 correlation and its development are given in

Reference (3).

The MCPR safety 1imit for the core is determined by statistically convoluting
the uncertainties associated with the thermal margin calculation. The MCPR
safety 1imit is established such that 99.9% of the fuel rods are expected to
evoid boiling transition. ENC employs 2 Monte Carlo procedure to detemine
the NCPR safety limit.

At a given operating state and core-wide power distribution, the critical power
ratio for each rod in the core is determined using the Xh-3 correlation. These
CPRs are then used to calculate the probability of boiling transition for each
rod. ENC then determines the number of rods expected to be in boiling transition
by sumning the rod probabilities over the entire core, Ey repeatedly applying
this Monte Carlo procedure a frequency distribution of the number of rods in
transition boiling can be defined. This distribution is statistically analvzed
by fitting a Pearson curve to it using the methods described in References (4)
and (5).
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The number of rods expected in transition boiling, for a particular operating
stot2, are derived from the statistical analyses. The MCPR for this state is
considered the safety limit if the number of rods in boiling transition is
less :han or equal to 0.1%2.

The criterion used by Exxor to determine the number of Monte Carlo trains
needed in establishing the safety limit is “that number which provides
sufficient data for an accurzte Pearson curve fitting."

."




3.0 STATF EVALUATION

The ctaff has reviewed the methodolony described in XN-NF-524, Our review
included the procedure used in calculating the core flow distribution (e.q.,
pressure drop methodology), the Xh-I correlation, and the method used in
determining the safety limit MCPR.

Since ths pressure drop methodology used to determine the core flow distri-
bution and the XN-3 correlation have been reviewed and approved by the staff
(Refs., € and 7) we find their use acceptable in the methodclogy presented in
Xh-NF-524, The method of accounting for uncertzinties in parameters associated
with the themmal margin calculation, the use of a Monte Carlo technique, and
the fitting of a Pearson curve to the resultant distribution are also accept-
abie contingent upon the following restrictions:

(1) Eec® plant specific application must contain the data used to qenerate
the uncertainties employed in the methodology.

(2) A1l plant parameters that are not statistically convoluted must be
placed at their limiting value.

(3) Each application should demonstrate that the uncertainties in plant
parineters are treated with at least a 95% probability at a 95% confidence
level in accordance with Acceptance (riterion 1.0 of Standard Review Plan
Section 4.4,

(4) Each application rust presert a goodness-of-fit analysis for the fitting
of the Pearson curve in order to insure that the nu—ber of Monte Carlo
treilsiused in establishing the safety 1imit MCPR are sufficient.

e W



4,0 STRFF POSITION

Bases on our review and the recommendation of our consultant (Ref, 8), we find
Xl-NF-524 an acceptable and referential renort with the contingencies noted

above.
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NUCLEAR HEGULATORY COMMISSION DISCLAIMER

IMPORTANT NOTICE REGARDING CONTENTS AND USE OF THIS DOCUMENT

PLEASE READ CAREFULLY

This technical report was derived through research and development
programs sponsored by Exxon Nuclear Company, Inc. It is being sub-
mitted by Exxon Nuclear to the USNRC as part of a technical contri
bution to facilitate safety analyses by licensees of the USNRC which
utilize Exxon Nuclear fabricated reioad fuel or other technical services
provided by Exxon Nuclear for lioht water power reactors and it is true
and correct to the best of Exxon Nuclear's knowledge, information,
and belief. The information contained herein may be used by the USNRC
in its review of this report, and by ‘censees or applicants before the
USNRC which are customers of Exxon Nuclear in their demonstration
of compliance with the USNRC’s regulations.

Without derogating from the foregoing neither Exxon Nuclear nor
ary person acting on its behalt:

A. Makes any warranty, express or implied, with respect to
the accuracy, completeness, or usefulness of the infor
mation contained in this document, or that the use of
any information, apparatus, method, or process disciosed
in this document will not infringe privately owned rights,
or

B Assumes any liabilities wit! respect to the use of, or for

damrages resu'ting from the use of, any information, ap
paratus, method, cr process disclosed in this document.

AN NF- FOO, 766
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EXXON NUCLEAR CRITICAL POWER METHODOLOGY

FOR BOILING WATER REACTORS

1.0  INTRODUCTION

This document describes the Exxon Nuclear Company, Inc. (ENC) methodol-
ogy used for determination of thermal margin of a boiling water reactor. The
methodology for evaluating operating limits 1s also presented. The objective
of establishing operating limits is the preservation of the fuel clad inte-
arity. The methodologyv uses a series of conservative assumptions which
overestimate the probability of a breach of fuel clad intearity, Therefore,
the reactor operating limit provides a level of protection in excess of
established requirements.[1‘2].

The thermal margin determination depends upon hydraulic and thermal
calculations. Reactor coolant flow distribution 1s calculated from a set of
experimentally or calculationally determined assembly hydraulic characteris-
tics and an experimentally verified two-phase flow model. Following the
calculation of core distribution, the likelihood of boiling transition cen be

determined by use of the critical power correlation. The safety limit 1s

derived by statistically convolving hydraulic and thermal calculational

* Numbers in brackets refer to references,
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uncertaint 1es with measurement uncertainties assoclated wi'h reactor instru-
mentation. The safety limit provides an appropriaste leve! of core protection
from boirling transition. The incremental change in margin due to resclor
system transients is added to the safety limit to establish the limit for
normal reactor operations.

For purposes of establishing the reactor operating limit, damage of the

fuel rod clad 1s assumed to occur if the fuel rod experiences boiling traisi-

tion. Considerable data exist to show cladding integrity can be maintained

for an extended peciod of time i1n boiling transxtinn.[j'al

Boiling transition
1s characterized by a deqradation of rod surface heat transfer and a subse-
quent rise in clac operating temperatures. Because boiiing transition is not
a directly measurable quantity in an operating reactor, 1t is quantified in
terms of the critizal power ratio (CPR) which is derived from a critical power
correlation. The critical power correlation 1s an empirical representation of
the assembly coolant conditions at which boiling transition has been experi-
mentally detected. The critical power ratio is defined as the assembliy power
required to produce boiling transition divided by the operating assembly
power. The safet. and operating limits of a reactor core are expressed hy the
allowable minimur critical power ratio (MCPR .

The reactor system transients and events which are plausible for a BWR
are classified according to expected or observed frequency of occurrence 1in

5]
accordance with established standards.ts‘ These transients and events are

(6]

analyzed with methodology described elsewhere to determine their 1impacts
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3.12 XN-NF =524 (NP)(A) Revision 1

The uncertainty in the assembly loss coefficients determined by
measurement in the PHTF is 1.8 percent., The uncertainty in the total pressure
drop of a measured fuel assembly is therefore 0.9 percent since approximately
one-half of the total assembly pressure drop 1s due to the orifice which is
common to both fuel designs. The 0.9 percent uncertainty in the total assem-
bly pressure drop is equivalent to a 0.45 percent uncertainty in the flow
rate. Because the flow split in a BWR is determined by the difference in
assembly pressure drop, there 1s a 0.6 percent uncertainty 1in the assembly
flow rate to either fuel type 1if both are simultanecusly loaded in the core

and both have been hydraulically characterized in the PHTF.
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4.0 CRITICAL POWER CALCULATION

The calculation of assembly thermal margin 1s based upon the core flow
distribution analysis and 1s completed by the assembly critical power calcula-

tion. The assembly critical power corresponding to a particular reactor
[10]

operating state is determined from the X\N-3 critical power correlation.
The XN-3 correlation is an empirical representation of the set of assembly
coolant conditions at which boiling Lransition has been experimentally de-

tected. The figure of merit in the assessment of thermal margin is the

N N TSN TSN

critical power ratio (FPR). Thus, an assembly with an absolute (PR of 1.30
could experience a 30 percent increase in power before 1t 1s expected that

boiling transition will occur on the most limiting rod within that assembly.

4.1 XN-3 CRITICAL POWER CORRELATION

E The xN-3 critical power correlation is used to determine the
assembly power required to produce boiling transition for & particular reactor
and fuel assermblv operating state. ihe correlation was developed from a large
body of experimental data encompassing & wide variety of coolant conditions
and assembly geometry. The range of assembly geometry in the XN-3 data base
allows application of the XN-3 correlation to both ENC and other vendor fuel
designs.

The XN-3 correlation 1s comprised of a base correlation with
correctors for pressure, local rod power peaking, qrid spacer design, and
non-uniform axial power distribution. The XN-3 data base 1s comprised of

1,501 data points taken with 26 different test assemblies. The test assem-
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The XN-3 correlation has also been used to predict the number of
rods experiencing boiling transition for the test data most prototypic cf ENC
AWR fuel assemblies. The probability of boiling transition for all the rods
in an assembly, as predicted by the XN-3 correlation, were summed to vield a

prediction of the total number of rods in boiling transition for a particular

R R R T B R R RN TR R A EERrErBTR

data point, and thereby predict the occurrence of multiple rod indications of

boiling transition. Use of the XN-3 correlation in this manner was determined

to overpredict the probability of boiling transition, indicating that use of
! the XN-3 correlation to calculate the number of rods in boiling transition for

a particular set of reactor operating conditions 1s conservative.

4,2 CRITICAL POWER ANALYSIS

The calculation of assemblv thermal margin 1s performed following
a thermal hyvdraulic calculation which determines the flow distribution wilhin

the core. The flow distribution is determined by the core flow analysis

i described in Section 3.0, With the conditions of pressure, flow, inlet
enthalpy, and local enthalpy known, the critical power 1s determined based
upon the XN-3 critical power correlation.[10] The procedure 1s 1iterative, 1n
that for fixed conditions of pressure, flow, and inlet enthalpy bundle power
is adjusted until boiling transition 1s just predicted to occur. The ratio of
E this adjusted bundle power to the actual bundle power 1is defined as the

critical power ratio. A complete description of the step bv step procedure

for determining critical power is presented in Reference 10.
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5.0 GENERATION OF THE MINIMUM CPR SAFETY LIMIT

The minimum CPR (MCPR) safety limit is established to protect the core
from boiling transition during both normal operation and anticipated opera-
tional occurrences. When the reactor core 1is operating at or above the MCPR
safety limit, at least 99.9 percent of the rods in the core are expected to
avoid boiling transition. The MCPR safety limit 1is determined by a statis-
tical convolution of all the uncertainties associated with the calculation
of thermal maragin. The set of uncertainties which form the basis for the
statistical convolution are established by the relative sensitivity of all
the parameters which are incorporated into the MCPR calculation. These
parameters include both fuel-related uncertainties, which may vary with
reactc. loading cycle, and non-fuel-related uncertaint ies, which are charac-

(7]

teristics of the reactor system.

Ihe non-fuel-related uncertainties are those uncertainties which do
not depend upon the particular type of fuel present in the reactor core.
fxamples of non-fuel-related uncertaint ies are the measurement uncertainties
associated with reactor pressure, feedwater flow rate and temperature, total
core flow rate, and core inlet subcooling. Examples of fuel-related uncer-
tainties are those introduced by the XN-3 critical power correlation, the
calculation of core-wide power peaking factors, and the calculation of the
core-wide flow distribution, which inlcudes uncertainties associated with
the core hydraulic model. The contribution of the various subcomponents to

_ve overall MCPR uncertainty 1s determined from the calculational procedure

used to evaluate MCPR.
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The uncertainties used 1n determining the MCPR safety limit are statis-
tically convolved via a Monte Carlo procedure. The Monte Carlc procedure

simulates a variety of reactor states around a base state, where the reactor

states are determined by randomly varyina the reactor conditions according to

the magnitude of their uncertainties. for a particular base reactor state and

core-wide power distribution, the core parameter values

are randomly varied according to the probability distri-

but ion of the respective uncertainty.

The CPR for each of

the rods in the model is determined by ueina the XN-3 correlation 1n a calcu-

lat ion and the

associated boiling transition probability for each rod is calculated using the

xN-3 correlation uncertainty. The rod boiling transiltion probabilities are

then summed over the entire core to determine the number of rods expected to

be in boiling transition for the reactor state chosen for a particular Monte

Carlo trial. This procedure 1S repeated until a sufficient number of trials

have been performed tc adequately determine the expected number of rods 1n

boilinag transition.
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If the expected number of rods in boiling transition for the base
reactor state, as determined by this procedure, is equal to 0.1% of the rods
in the core, the MCPR for the base state is defined as the MCPR safety
limit. If the number of rods in boiling transition is greater than 0.1% of
the rods in the core, a new base reactor state which 1s less severe 1s
chosen, and the Monte Carlo procedure is again performed to determine the
expected number of rods in boiling transition for that reactor state.
Conversely, if the expected number of rods in boiling transition for the
chosen base reactor state is less than 0.1% of the rods in the core, a new
base reactor state which is more severe is chosen, and the Monte Carlo
procedure 1is repeated. This procedure is then iteratively performed until
the minimum acceptable MCPR which results in an expected number of rods 1in
boiling transition of less than or equal to 0.1% of the rods i1in the core 1S
determined. The MCPR of that base reactor state is then defined as the MCPR

safety 1imit.
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lable 5.1 summarizes the fuel and non-fuel-related uncertainties which

are used to aenerate the MCPR safety limit. The reactor system uncertain-

ties[7] shown in Table 5.1 are tvpical of operating BWR's and are generic 1n

nature. Those uncertainties are convolved to determine the MCPR safety limit
using a desian basis reactor core power distribution. The design basls power
distribution is comprised of desian basis radial, local, and axial power
distributions, all of which conservatively envelope expected reactor operating
states which could both exist at the MCPR operating limit and produce a MCPR
equal to the MCPR safety limit during an anticipated operational occurrence.

Ihe MCPR safety limit established by this procedure 1s an appropriate
1imit for protectina the core during normal operating conditions and antici-
pated operational occurrences. Tne MCPR ,afety limit derived by the procedure
presented provides a credible livit for MCPR monitorinag, because the MCPR

monitoring procedure was simulated 1n generating the safety limit.
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Uncertainties Used To Generate MCPR Safety Limat

f -
Reactor System Ur -ertainties’

Standard Deviation of Uncertainty
Parameter {(Percent of Nominal

Feedwater flow Rate 1.76
Feedwater Temperature

Core Pressure

Total Core Flow Rate

(ore Inlet Temperature

Fuel Related Uncertainties

XN-3 Correlation[ 10] 4.1

Asse~bly Flow Rate 2.7 for INC cores
2.8 for mixed cores

Radial Bundle Power[13]

Axial Power[13]
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GLOSSARY

axial offset

"

pressure gradient

hydraulic diameter

"

bare rod friction factor

nravitétxonal constants

mass velocity

component loss coefficient

irreversible loss coefficient for sudden expansion

"

= fraction of power generated in lower half of assembly

fract ion of power generated in upper half of assembly

"

calculational increment

"

void fraction

specific volume for momentum transfer

"

averaage densits

density of saturated vapor

"

density of sa‘urated fluid

density of liguid phase

"

area ratio

"

bare rod two-phase friction multiplier

Component two-phase friction multiplier
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