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ABSTRACT

The use of fuzzy set theory in the development of Phenomena Identification and
Ranking Table for a nuclear power plant transient is presented. Fuzzy set theory was
used to aggregate the opinions from different experts concerning the importance of
individual basic phenomena with respect to safety criteria. The use of fuzzy set
theory is particularly adequate, as experts' opinions are inherently imprecise and
uncertain. The method is presented on the specific case of a small-break loss-of-
coolant accident in a two-loop pressurized water reactor.

INTRODUCTION

The US Nuclear Regulatory Commission (US NRC) revised nuclear power plant
(NPP) emergency core cooling system licensing rules to allow the use of so-called
best estimate computer codes, provided the uncertainty of the calculations are
quantified and used in the licensing and regulation process. The US NRC supported
the development of a generic methodology called Code Scaling, Applicability, and
Uncertainty (CSAU) to evaluate uncertainties of best estimate codes (Boyack et al.,
1989). At the Jozef Stefan Institute, the CSAU methodology was applied both to a
large-break loss-of-coolant accident (Mavko et al., 1993) and to a small-break loss-
of-coolant accident (Prosek and Mavko, 1999) in a Westinghouse-type pressurized
water reactor (PWR) NPP. One of the basic steps of the CSAU methodology is the
development of a Phenomena Identification and Ranking Table (PIRT), which
consists in identifying and ranking dominant physical phenomena during a transient
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scenario with respect to their influence on selected primary safety criteria (Wilson
and Boyack, 1996).

The development of the PIRT requires the opinions about the "importance" of
considered physical phenomena, formulated by different experts. The importance is
usually expressed in terms of point-value grades, from highest to lowest importance.
Given the question which is being considered (how "important" is a particular
phenomenon?), subjective expert opinions are inherently imprecise (as the concept
of "importance" is somewhat vague and ill-defined) and uncertain (due to lack of
experts' knowledge). If grades, assigned by experts, are combined using some
"classical" method (for instance, by arithmetic or weighted averaging), the
impreciseness of the definition of "importance" and the uncertainty of the grades are
not reflected in the resulting value.

To propose a tentative solution to this issue, a method for the aggregation of expert
opinions, using concepts from fuzzy set theory, is proposed. Fuzzy set theory allows
a mathematical treatment of concepts, which are not precisely defined. In the
method, proposed in the present work, point-value grades assigned by experts are
first converted into fuzzy sets. The membership functions of fuzzy sets assume a
simple shape, with the maximum value of the function corresponding to the
considered grade. In addition, the method allows different judgmental uncertainties to
be assigned to different grades. For instance, it may be assumed that an expert's
uncertainty is small when the expert believes that a phenomenon is very important or
not important at all and that this uncertainty is large when a phenomenon is
considered as being of medium importance. Fuzzy sets corresponding to opinions
from different experts are then aggregated separately for each phenomenon into
resulting fuzzy sets. The final grade corresponding to each phenomenon is obtained
by defuzzification of the resulting set by an existing method, for instance by the
center-of-gravity (COG) method.

In the present work, the method is presented by showing its application for the
development of a PIRT for a transient scenario initiated by a small cold-leg break in a
two-loop PWR. The PIRT is based on expert opinions, obtained during the
development of a previous PIRT for the same scenario in the course of earlier work
(Kljenak and Prosek, 1997; Prosek and Mavko, 1999).

DEVELOPMENT OF PHENOMENA IDENTIFICATION AND RANKING TABLE

A transient scenario, initiated by a 5.08 cm (2") cold leg break in a two-loop
Westinghouse-type PWR, with available one train of safety injection and auxiliary
feedwater system, is considered. The break was located in the cold leg between the
reactor vessel and the reactor coolant pump (RCP). The transient was first simulated
with the RELAP5/MOD3.2 code.

The primary function of a PIRT is to identify the relative importance of components
and phenomena, which drive the nuclear power plant response. The development of
the PIRT for the considered transient was started by Kljenak and Prosek (1997) and
completed later by Prosek and Mavko (1999). Thus, only a brief description is
provided in the present paper. The PIRT was established by following a procedure
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similar to the one used by Ortiz and Ghan (1992). After analyzing simulation results,
the transient was divided into the following phases:

Phase 1: Subcooled Blowdown The reactor cooling system (RCS) is
depressurized. Single-phase forced circulation is followed by natural circulation after
RCP trip. High-pressure safety injection and auxiliary feedwater systems are
actuated. The phase ends when the pressure in a hot leg drops to saturation
pressure.

Phase 2: Two-Phase Natural Circulation The primary coolant evaporates in the
reactor core and condenses in steam generator (SG) U-tubes. The phase ends when
steam accumulation in SG U-tubes upper bends prevents continuous flow of the two-
phase mixture.

Phase 3: Reflux Condensation Vapor is generated in the reactor core and partially
condensed in the upflow side of SG U-tubes; the condensate flows back to the core
via hot legs. A loop seal in intermediate legs causes slow uncovering of the reactor
core. The phase ends when steam reaches the lowest point of an intermediate leg.

Phase 4: Loop-Seal Clearing and Core Reflooding The loop seal is cleared and
coolant starts to slowly flood the reactor core.

Phase 5: Long-Term Cooldown Two-phase natural circulation is not reestablished,
as the secondary side pressure is not sufficient to cause opening of relief valves and
steam in the SG U-tubes does not condense. Decay heat is mostly removed through
the cold-leg break.

Dominant basic phenomena during the transient were identified based on
engineering judgment, review of relevant literature and simulation results. A
conventional classification of phenomena, based on an OECD Committee on the
Safety of Nuclear Installations report (Aksan et al., 1993) was adopted. A total of 24
phenomena were considered in the analysis. Table 1 lists the considered
phenomena, as well as the phases during which each phenomenon supposedly
occurs.

Four experts were asked to evaluate the importance of the identified phenomena in
each component of the RCS during each phase of the transient. Experts had to rate
phenomena by assigning grades from 1 (lowest importance) to 10 (highest
importance) to each phenomenon, for each RCS component in which the
phenomenon occurs. The criteria was the importance of the phenomenon with
respect to the selected safety criteria, namely peak cladding temperature and
minimum core liquid level.

In earlier works (Kljenak and Prosek, 1997; Prosek and Mavko, 1999), grades
assigned by experts were further combined, which also involved ranking of RCS
components. In the present work, each phenomenon in each RCS component during
each phase is considered separately. The grades assigned by experts to each
phenomenon are aggregated using fuzzy set theory.
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Table 1. Basic phenomena identified for a 5.08 cm (2") SB LOCA in two-loop
PWR

Seq.
Num.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Phenomenon

Condensation
Countercurrent Liquid-Vapor Flow
Decay Heat
Departure from Nucleate Boiling/Dryout
Droplet Deentrainment
Droplet Entrainment
ECC Injection and Liquid-Vapor Mixing with Condensation
Evaporation
Interfacial Friction (Horizontal Flow)
Interfacial Friction (Vertical Flow)
Liquid-Vapor Critical Flow
Liquid-Vapor Separation
Liquid Critical Flow
Loop Seal Clearing
Loop Seal Filling
Nucleate Boiling
Post Critical Heat Flux
Pressure Drops at Geometric Discontinuities
Quench Front Propagation
Radiation
Single-Phase Convection
Stratified Flow in Horizontal Pipes
Two-Phase Convection
Wall-to-Fluid Friction

Ph.1

X

X

X

X

X

X

X

X

X

X

Ph.2

X

X

X

X

X

X

X

X

X

X

X

X

Ph.3

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Ph.4

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Ph.5

X

X

X

X

X

X

X

X

X

X

X

X

BASIC NOTIONS ON FUZZY SET THEORY

The basics of fuzzy set theory were first laid out by Zadeh (1965). The basic element
of fuzzy mathematics is a fuzzy set, which corresponds to a crisp set in "classical"
mathematics (see, for example, books by Bandemer and Gottwald, 1995, or
Bandemer and Nàther, 1992). Considering a crisp set, only two possibilities to treat
an element exist: the element does or does not belong to the crisp set. However,
phenomena in real life often do not have such clear "membership" of an element to a
set. Rather, the membership is "partial". In fuzzy set theory, this partial membership
of an element x to a fuzzy set A is described by a "membership function" juA(x). We
may distinguish 3 possible cases:

= 0: x0 does not belong to the fuzzy set A,
= 1 : Xo belongs to the fuzzy set A,

0 < JUA(XO) < 1 : xo belongs "partially" to the fuzzy set A, the value JIA{XO) indicating
the "degree of membership" of x0 in A.
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For instance, we may create a fuzzy set "hot liquid water at atmospheric pressure".
The value of the membership function, which corresponds to a certain temperature,
indicates how much the liquid water at that temperature may be considered "hot". A
possible shape of the membership function for this fuzzy set is shown on Fig. 1.

20 40 60 80 100
T[°C]

Figure 1. Possible membership function of fuzzy set "hot liquid water at
atmospheric pressure".

In the field of nuclear engineering, the use of fuzzy set theory was already proposed
for assessment of component reliability (Jordan Cizelj and Mavko, 2000; Jordan
Cizeljetal.,2001).

RANKING OF PHENOMENA BASED ON FUZZY LOGIC THEORY

Transformation of Grades into Membership Functions

The purpose of the present work is not to propose a definitive procedure for PIRT
development, but to advocate the use of fuzzy set theory which is, in our opinion,
adequate for the task of aggregating opinions from different experts.

Each grade between 1 and 10 was mapped into a fuzzy set. In the present work,
membership functions for all grades were defined as shown on Fig. 2. For each
grade, the value of the corresponding function at the grade is equal to 1, and the
function linearly decreases to 0 at both ends of the grade range. These functions
comply with the principle that the more a certain value is different from a grade
assigned by an expert, the less this value reflects the expert's opinion.
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Figure 2. Membership functions of fuzzy sets, corresponding to grades from 1
to 10 (membership function //,• corresponds to grade /).

The meaning of the mapping is the following. If an expert assigned a value of, say, 8,
this value is both uncertain and imprecise. The expert assigned the value 8 because
he had to choose between 7, 8 and 9, although he would rather have preferred to
assign a value "approximately 8", both because he cannot be absolutely sure about
the precise value (epistemic uncertainty) and because it is difficult to map a
qualitative concept into a pointed value (impreciseness). Therefore, the value should
be replaced by a fuzzy set, to which the value 8 definitely belongs, but to which
values about 8 also "partially" belong. The closer the value is to 8, the more it
belongs to the set. In this way, the "crisp" grade assigned by the expert is replaced
by a "fuzzy" set, which better describes the fact that the expert's opinion carries
uncertainty and impreciseness.

The proposed membership functions are different from zero along the entire range of
grades. This shape of function was adopted so that an aggregation of eventually
strongly conflicting opinions from different experts (the procedure is described in the
next paragraph) would not result in a membership function equal to zero along the
entire range, which would not provide a final grade.

Aggregation of Membership Functions

To aggregate the membership functions which represent opinions, expressed by
different experts, an approach used by Yu and Park (2000) was used. The approach
is based on an earlier work by Fua (1986), who has proposed a simple and
statistically sound way, which is to multiply membership functions point-wise at each
value, and normalize the product.
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Membership functions were thus multiplied point-wise at discrete argument values
between 0 and 10, separated by 0.01 (it was verified that if argument values were
separated by 0.001, the results showed almost no difference). The resulting
membership function was then normalized by multiplying it by a fixed factor so that its
maximum value was 1.

Finally, the resulting membership function was replaced by a representative value.
The process of mapping a fuzzy set into a single value is called "defuzzyfication".
Although the replacement of a function by a single value results in a loss of
information, we believe that the proposed procedure still provides a significant
advantage over simple arithmetic averaging, as the uncertainty of experts' opinions
definitely influences the final value.

Various deffuzyfication procedures have been proposed in the literature. In the
present work, the so-called center-of-gravity method was applied. After the resulting
membership function was obtained, a grade was determined, so that the area below
the membership function was equal on both sides of the grade (from 0 to the grade
and from the grade to 10). This grade is called the center of gravity (COG).

Results and Discussion

Table 2 lists the top-ranked phenomena during each phase of the transient, whereas
Figs. 3 and 4 show the corresponding membership functions. In the considered case,
both arithmetic averaging and aggregation of fuzzy sets designated the same
phenomena as the most important (the ranking of other phenomena, however, was
not equal, as shown in Table 3). The resulting membership functions assume
different shapes, depending on the original grades and on the divergence of experts'
opinions.

Table 2. Top-ranked phenomena during each phase of the transient (according
to both arithmetic averaging of grades and aggregation of corresponding fuzzy
sets).

Phase
1
2
3
4
5

Phenomenon
Liquid Critical Flow
Nucleate Boiling
Condensation
Loop-Seal Clearing
Decay Heat

RCS Component
Cold Leg
Reactor Core
SG U-Tubes Upflow Side
Intermediate Leg
Reactor Core

COG
7.02
7.50
8.05
6.66
6.30

Grades
10,10,10,5
9, 9, 8, 8
10,9,9,9
10,7,7*
10,9,7,2

*: One of the experts failed to provide a grade for loop-seal clearing

Table 3 lists the most important phenomena during each phase, together with the
COG values of the resulting membership functions. The values obtained by simple
arithmetic averaging are also listed. Although COG values are smaller than averaged
values, phenomena are not considered as being less important, as the purpose of
PIRT development is the ranking of phenomena.



Table 3. Most important phenomena during each phase of the transient
(according to both arithmetic averaging of grades and aggregation of
corresponding fuzzy sets).

Phenomenon RCS Component COG Average
Grade

Phase 1
Liquid Critical Flow
Decay Heat
Single-Phase Convection
Single-Phase Convection
Single-Phase Convection

Cold Leg
Reactor Core
Reactor Core
SG U-Tubes Upflow Side
SG U-Tubes Downflow Side

7.02
5.84
5.62
5.44
5.44

8.75
6.25
6.25
6.25
6.25

Phase 2
Nucleate Boiling
Two-Phase Convection
Liquid-Vapor Separation
Decay Heat
Two-Phase Convection
Liquid-Vapor Critical Flow
Interfacial Friction (Vertical Flow)
Condensation
Interfacial Friction (Vertical Flow)
ECC Injection and Liquid-Vapor Mixing With Condensation
Two-Phase Convection
Interfacial Friction (Horizontal Flow)

Reactor Core
Reactor Core
Reactor Core
Reactor Core
SG U-Tubes Upflow Side
Cold Leg
SG U-Tubes Upflow Side
SG U-Tubes Upflow Side
Reactor Core
Cold Leg
SG U-Tubes Downflow Side
Hot Leg

7.50
6.91
6.90
6.85
6.80
6.76
6.63
6.63
6.30
6.28
6.28
6.01

8.50
8.25
8.00
7.75
7.75
7.50
7.75
7.50
7.00
7.25
7.25
7.00

Phase 3
Condensation
Countercurrent Liquid-Vapor Flow
Liquid-Vapor Separation
Decay Heat
Departure from Nucleate Boiling/Dryout
Evaporation
Nucleate Boiling
Post-Critical Heat Flux
Liquid-Vapor Critical Flow
Counter-Current Liquid-Vapor Flow
Interfacial Friction (Vertical Flow)
Two-Phase Convection
Two-Phase Convection

SG U-Tubes Upflow Side
SG U-Tubes Upflow Side
Reactor Core
Reactor Core
Reactor Core
Reactor Core
Reactor Core
Reactor Core
Cold Leg
Hot leg
SG U-Tubes Upflow Side
Reactor Core
SG U-Tubes Upflow Side

8.05
7.72
7.16
7.01
6.92
6.85
6.82
6.64
6.58
6.40
6.31
6.30
6.30

9.25
9.00
8.25
7.75
8.50
7.75
8.00
8.00
7.25
7.50
7.00
7.00
7.00

Phase 4
Loop Seal Clearing
Departure from Nucleate Boiling/Dryout
Quench Front Propagation
Decay Heat
Nucleate Boiling
Post-Critical Heat Flux
Liquid Vapor Separation
Droplet Deentrainment
Droplet Entrainment
Evaporation

Intermediate Leg
Reactor Core
Reactor Core
Reactor Core
Reactor Core
Reactor Core
Reactor Core
Reactor Core
Reactor Core
Reactor Core

6.66
6.62
6.62
6.58
6.43
6.43
6.27
6.14
6.12
6.08

8.00
7.75
7.75
7.75
6.75
6.75
7.00
7.00
7.33
7.00

8



oooo
Table 3 (continued)

Phenomenon

Phase 5
Decay Heat
Nucleate Boiling
Liquid-Vapor Separation
Interfacial Friction (Vertical Flow)
Two-Phase Convection
ECC Injection and Liquid-Vapor Mixing With Condensation

RCS Component

Reactor Core
Reactor Core
Reactor Core
Reactor Core
Reactor Core
Cold Leg

COG

6.30
6.08
5.94
5.52
5.40
5.36

Average
Grade

7.00
6.50
5.75
5.25
5.50
5.75

1.0
<)

0.8

0.6

0.4

0.2

Liquid critical flow
Nucleate boiling

• - — Condensation

0.0
0

Figure 3. Resulting membership functions for top-ranked phenomena during
phases 1, 2 and 3 of the considered transient

As an example of the influence of the calculation procedure, the resulting
membership functions are shown on Fig. 5 for two phenomena during phase 3 (reflux
condensation) for which equal arithmetic-averaged values were calculated, namely,
nucleate boiling and post-critical heat flux in the reactor core.

The grades assigned by experts were, respectively:
- for nucleate boiling: 10, 9, 4 and 9;
- for post-critical heat flux: 10, 6, 7 and 9.

For both phenomena, averaging of grades gives the resulting value 8.00.

However, if we apply the procedure described above, different resulting membership
functions are obtained (Fig. 5).
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Figure 4. Resulting membership functions for top-ranked phenomena during
phases 4 and 5 of the considered transient

Figure 5. Resulting membership functions for nucleate boiling and post-critical
heat flux in the reactor core during phase 3 of the transient.

The COG value for nucleate boiling is equal to 6.82, whereas the COG value for
post-critical heat flux is equal to 6.64. Therefore, according to the proposed
methodology, nucleate boiling is slightly more important than post-critical heat flux
during the phase of reflux condensation. The higher COG value for nucleate boiling is

10
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the result of the three high grades and a low one, in contrast to two high and two
medium grades for post-critical heat flux.

A discussion which method provides more "correct" results, based on physical
considerations, is beyond the scope of the present paper. Besides, the final ranking
is also probably somewhat influenced by the shape of the membership functions (Fig.
2). The purpose of the work was to propose the use of fuzzy set theory, as, in our
opinion, a fuzzy set better reflects an expert opinion than a point-value grade.
Furthermore, the properties of fuzzy sets allow the uncertainty and impreciseness of
expert opinions to be carried out through further mathematical manipulations, which
is not the case for point-value grades.

CONCLUSIONS

The use of fuzzy set theory during development of a Phenomena Identification and
Ranking Table was proposed. The method was presented for a transient in a two-
loop Westinghouse-type pressurized water reactor, initiated by a small-break loss-of-
coolant accident. Expert opinions about the importance of different basic phenomena,
expressed in the form of grades, were aggregated by first mapping grades into
fuzzy sets and then multiplying point-wise corresponding membership functions.
Phenomena were ranked by comparing center-of-gravity values of the resulting
functions. Although the use of fuzzy set theory did not result in significantly different
ranking of basic phenomena, the method is still more appropriate than arithmetic or
weighted averaging of grades, as it allows the experts' impreciseness and uncertainty
to be implicitly included in the evaluations.
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