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a b s t r a c t

To judge the applicability of a critical experiment, it is necessary to confirm the similarities of the exper-
iment with actual reactor conditions or equipment. The concept of the ‘‘representativity factor” has been
well adopted since the late 1970’s, particularly for fast breeder reactors (FBRs) and future reactor studies.
We extended this concept to the design of a light water reactor (LWR) system. In the first study, a new
numerical evaluation method and a calculation system were developed and qualified. In the second
study, an application calculation was conducted to validate the method. Based on the method, calcula-
tions were performed to correct the infinite neutron multiplication factor of a pressurized water reactor
fuel assembly with using three kinds of critical experiments. The representativity factor became closer to
unity. A correction of the infinite multiplication factor was well achieved.
In this study, for aiming at an industrial application of the method, the method was improved to be

more suitable for the single experiment case. In addition, a modification of the calculation procedures
was proposed to prevent a very large increase of the final combined uncertainty. Furthermore, to validate
the method, calculations were conducted according to ICSBEP 2010 data disk with utilizing critical exper-
iments that were performed at different critical facilities. Simultaneously, with ‘‘SCALE 6.1.2” system and
‘‘ENDF/B-VII” 238G library, the applicability of the method was studied. All calculation results are shown
and explained with physical considerations.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

For current nuclear calculations of light water reactors (LWRs),
two-step calculations are widely carried out using a combination
of a lattice physics code and a three-dimensional core simulator.
The former is adopted for fuel assembly calculations, while the lat-
ter is used for the thermal and nuclear coupling calculations of the
whole reactor. Consequently, validation of the quality of lattice
physics codes is highly important before design calculations.
Therefore, nuclear critical experiments have been widely used to
validate and improve the quality of lattice physics codes since
the inception of the nuclear industry.

In our first study (Umano et al., 2014), aiming at an application
to a LWR study, a new calculation method was proposed under the
concept of ‘‘best representativity” (Aliberti et al., 2006; Blaise et al.,
2012; Broadhead et al., 2004; Dos Santos et al., 2013, Elam and
Rearden, 2003, Gandini, 1988; Palmiotti et al., 2007, 2009,

Palmiotti and Salvatores, 2011, Rearden et al., 2011; Williams,
2007).

By using sensitivity coefficients and a covariance matrix, this
method combines the information obtained through the relative
differences between calculations and experimental results. In other
words, this method makes it possible to achieve the best utilization
of the experimental information as its linear combination. This
combination is carried out under the condition of maximizing
the newly defined representativity factor of experiments. There-
fore, we can judge the applicability of combined critical experi-
ments to a target system by seeing the new representativity
factor. Simultaneously, a calculation value of the target system is
corrected by the information of experiments. As a result, validation
of the quality of lattice physics codes is promoted.

In the first study, the mathematical formulas were derived and
sample calculations were performed. For qualification, the method
was first applied to the effective neutron multiplication factor of a
pressurized water reactor (PWR) type critical experiment at the
Toshiba Nuclear Critical Assembly (NCA) facility (Umano et al.,
2014).
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After the qualification, the proposed method was applied to a
PWR 17 � 17 fuel assembly calculation. Using this method, the
infinite neutron multiplication factor of the PWR fuel assembly
was corrected by combining the three results of NCA critical exper-
iments (Umano et al., 2015). All calculation results seemed to be
acceptable and understandable.

This is the third study of the ‘‘best represenativity” method.
Consequently, the next study should be performed for the indus-
trial application. However, it seemed that there are still some
issues to be cleared or solved before such an application. These
issues can be:

(1) In the method, the representativity factor to the target
system is maximized through making the best linear
combination of critical experiments. Liner combination coef-
ficients are determined by the inversion of a matrix of the
equation. Therefore, the NS (necessary and sufficient) condi-
tion of regularity of the matrix should be clarified to judge
the calculation capability/applicability.

(2) Critical experiments generally require a lot of manpower
and financial costs. Therefore, a calculation result cannot
always expect more than one critical experiment to make
comparisons. In the method, as for the single critical
experiment case, a linear coefficient is determined simply
to equalize the amplitude of the two sensitivity coeffi-
cients which respectively belong to a critical experiment
and the target system. Further study should be
performed.

(3) To determine linear coefficients, the calculation is con-
ducted to maximize the combined representativity factor
to the target system as large as possible. After this
determination, the error propagation law is adopted for
the combination of uncertainties of critical experiments.
The uncertainty of a critical experiment itself is not
directly related to the determination of linear combina-
tion coefficient however, when the measurement uncer-
tainty of a critical experiment is quite larger than
other uncertainties, we should reconsider the importance
of this critical experiment even though it shows a large
representativity factor. In this point, the method should
be improved.

(4) So far, in the method, the only one representativity factor
concerning a single physical property was manipulated. A
new calculation method to manage two and more kinds of
representativity factors should be considered.

(5) In the former two studies, the ‘‘SCALE 5.1” system was uti-
lized. At the beginning of the year 2016, this is not the latest
version of the ‘‘SCALE” system. In addition, usable nuclear
data library of the latest system is ‘‘ENDF/B-VII”. The calcu-
lation using an updated version of the ‘‘SCALE” system is
preferable and such a calculation should be performed.

(6) In two previous papers, all example calculations were per-
formed with merely using the results of a critical experiment
at the Toshiba NCA facility. A combination of measurement
results of different facilities should be tested to clarify the
performance of the method.

The purpose of this study is to show a suitable solution or
an improvement to each of the above issues. Since issue (1)
and issue (4) are mainly related with mathematical manipula-
tions, they are explained in Appendix A and in Appendix C,
respectively. In the following chapters, the rest of issues are
discussed in detail. An improvement of the method is proposed
and qualified. In addition, physical explanations and discussions
are presented.

2. The new calculation procedure for n = 1 (the single
experiment case)

2.1. A new calculation procedure for a single experiment

Based on the previous study (Umano et al., 2015), the combina-
tion of case 2 and case 3 of NCA PWR critical experiments was ade-
quate for the correction of the infinite neutron multiplication
factor (k-inf) of the PWR 17 � 17 fuel assembly. This meant that
suitable two critical experiments enabled us to perform a good cor-
rection. On the other hand, critical experiments require manpower
(human resources) and considerable financial costs. In a realistic
way of thinking, it is not always possible to perform more than
one critical experiment. Moreover, it is often the case that all avail-
able information is the result from a single critical experiment.

So far, the calculation procedures of the method do not seem to
be good enough for the single experiment case. The reason is
apparent when seeing Eqs. (10) and (11) of the previous study
(Umano et al., 2014).

In this chapter, to answer this issue, a new study is conducted to
improve the calculation procedure for the single experiment case.
Hereinafter, n denotes the number of critical experiments utilized
in this study. Therefore, for the single experiment case, we repre-
sent it as n = 1. In chapter 2, the number of critical experiment to
be applied to the calculation is always one.

For n = 1, by Eq. (11) (Umano et al., 2014), a linear combination
coefficient a1 is automatically determined just for satisfying the
following relation.

a1S
T
1Wa1S1 ¼ STRWSR ð¼ dÞ ðT : transposeÞ ð1Þ

or

ða1Þ2 ¼ ðSTR W SRÞ= ðST1 WS1Þ ð2Þ
where, S1 is a sensitivity coefficient vector of an experiment and SR
is a sensitivity coefficient vector of the target system. W is a covari-
ance matrix of the nuclear data library which is applied to the
calculation. d is the amplitude.

This is merely an equalizing of the amplitude/length of two
vectors. In other words, the proposed method was not completely
tactical for the single experiment case. Therefore, the calculation
method should be reconsidered. In this chapter, modification and
improvement of the method is shown and proposed.

Suppose that SE is a sensitivity coefficient vector of an experi-
ment system, SR is a sensitivity coefficient vector of the target sys-
tem. With applying a covariance matrix W , the Representativity
Factor (RF) can be defined as

RF ¼ STE W SR ðSTE W SEÞ1=2 ðSTRW SRÞ1=2
n o.

ð3Þ

The amplitude of sensitivity coefficient vector SE and the ampli-
tude of sensitivity coefficient vector SR are also calculated respec-
tively as

a ¼ ðSTE W SEÞ1=2 ð4Þ

b ¼ ðSTRW SRÞ1=2 ð5Þ
It is understood that these a and b correspond to the length of

each sensitivity coefficient vector with the covariance matrix W .
Then, RF is expressed in another form as follows.

RF ¼ STE W SR=ðabÞ ð6Þ
RF can be considered to be cosine h, in which h is the angle

between two sensitivity coefficient vectors SE and SR. Therefore it
is easily understood,
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