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To efficiently design safety-critical systems such as nuclear power plants, with the requirement of high reliability, methodologies
allowing for rigorous interactions between the synthesis and analysis processes have been proposed. This paper attempts to
develop a reliability-centered design framework through an interactive process between Axiomatic Design (AD) and Fault
Tree Analysis (FTA). Integrating AD and FTA into a single framework appears to be a viable solution, as they compliment
each other with their unique advantages. AD provides a systematic synthesis tool while FTA is commonly used as a safety
analysis tool. These methodologies build a design process that is less subjective, and they enable designers to develop insights
that lead to solutions with improved reliability. Due to the nature of the two methodologies, the information involved in each
process is complementary: a success tree versus a fault tree. Thus, at each step a system using AD is synthesized, and its reliability
is then quantified using the FT derived from the AD synthesis process. The converted FT provides an opportunity to examine
the completeness of the outcome from the synthesis process. This study presents an example of the design of a Containment
Heat Removal System (CHRS). A case study illustrates the process of designing the CHRS with an interactive design framework

focusing on the conversion of the AD process to FTA.
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1. INTRODUCTION

Design is divided primarily into two processes:
‘synthesis’ and ‘analysis’. For the purposes of this paper,
synthesis is regarded as the process of decision-making
regarding parameters, and analysis as the process of optimi-
zing those parameters. It is known from experience that
the mistakes made during the synthesis process are never
completely corrected in the analysis process. For example,
in the design of a safety-critical system where a critical
concern is its reliability, if the upstream synthesis process
results in an unreliable system, the system is rarely trans-
formed into a highly reliable system. The downstream
detailed analysis process only slightly improves its reliability.
It is commonly known that it is possible to achieve higher
reliability with less cost if reliability is built into the system
from the early design phase. Many approaches have been
proposed in order to integrate synthesis and analysis into
a single framework that minimizes the overall design efforts
toward maximizing the reliability. This paper shares that
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goal with those proposals. The claim here is that as the
synthesis and analysis processes more closely interact, a
high level of system reliability becomes more achievable.
Because uncertainty and subjectivity are inherent to the
synthesis process while the analysis process cannot tolerate
uncertainty and subjectivity, their consummated integration
poses significant challenges. If synthesis and analysis
methodologies can be found with the following properties,
their integration should be more promising:

- It should be applicable to all of the design phases,
from the early design phase to a detailed design phase.

- It should provide a means to quantitatively as well as
qualitatively evaluate design decisions. Qualitative
decision-making is usually dominant in the early design
phase, while quantitative evaluation is necessary in the
detailed design phase.

- It should share a fundamental framework in performing
the synthesis and analysis processes to reduce the effort
and resources required for the integration. An integrated
framework is valuable only if the effort to carry out it
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is less than the sum of the effort required to complete
each step separately.

In order to make the two processes more interactive,
this paper endeavors to develop a design framework based
on the complementarity of Axiomatic Design (AD) and
Fault Tree Analysis (FTA). AD provides a framework that
allows designers to synthesize systems systematically [1].
Many systems have been designed on the basis of heuristics
or empirical experience rather than within a formal theore-
tical framework. The validation or testing process of these
systems is generally expensive and unpredictable due to
the uncertainties associated with experience-based design.
The two axioms of AD guide designers so that such a
validation can be minimized. In contrast, FTA has been
widely used to quantify the reliability of safety-critical
systems. FTA was developed by Watson in 1961 and its
use has become widespread since the early 1970s when
computer-based analysis techniques were developed. FTA
is a logical tool for understanding the reliability of a system
both qualitatively and quantitatively. A reactor safety study
by the US Nuclear Regulator Commission (NRC) [2] and
a space shuttle study performed by the National Aeronautics
and Space Administration (NASA) [3] are well-known
examples of FTA. The AD and FTA methodologies are
acknowledged as novel tools for synthesis and analysis,
respectively. The strategy in this study is to pull the charac-
teristics of FTA into AD. The proposed framework enables
us to develop insights into reliability-informed synthesis
by bringing reliability analysis into the synthesis process.
It is believed that AD and FTA have fully shown the first
and second properties mentioned above through industrial,
as well as academic studies [1,4,5]. This study focuses on
the third property, and argues that complementarity between
AD and FTA offers a basis for a common framework. It
is observed that the hierarchical tree and Design Matrix
(DM) of AD have close relationship with FT. The comple-
mentary characteristics of the functional hierarchical trees
of AD and FT enable the development of an interactive
design framework. In the next sections, the theoretical
background of the complimentarity is described along
with the relevant guidelines to construct the interactive
design framework. We also present an example of a design
of safety features in nuclear power plants, which serves
to illustrate the proposed framework.

2. THEORETICAL BACKGROUND
In this chapter, AD and FTA in addition to their com-
plementarity are briefly introduced. Following this, an

interactive design framework is proposed.

2.1 Introduction to Axiomatic Design

Axiomatic Design (AD) originated in the field of design.
Its purpose is to provide guidelines for a systematic design
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process during a synthesis process. AD defines four design
domains. These four domains consist of the Customer
Attribute (CA) domain, the Functional Requirement (FR)
domain, the Design Parameter (DP) domain, and the
Process Variable (PV) domain [1]. From the CA domain,
the FRs of “what we want to achieve” are resolved. A FR
domain is the technical representation of customers’ needs,
as defined in a CA domain. It shapes an ideally desirable
functional range, known as a Design Range (DR). In order
to implement the DR given by the FR domain, the DPs of
“how we achieve it” are decided. They consist of a DP
domain. The decision of sub-FRs and corresponding sub-
DPs is repeated until an appropriate design level is reached.
This process is characterized by ‘decomposition” and
‘zigzagging’, as shown in Fig. 1. To minimize subjectivity
during these processes, attempts are made to ensure that a
FR domain is mutually exclusive and collectively exhaustive
[6] and that it is in neutral environment without any bias
for a particular DP to be selected. The operational ranges
of the selected DPs form the functional reach of the system.
This is known as the System Range (SR), which is the
actually achievable functional range.

In contrast, AD offers two representation tools to
efficiently present design products: a FR-DP hierarchical
tree and a Design Matrix (DM). A FR-DP hierarchical tree
is a type of Success Tree (ST) depicting all of the sets of
FRs and DPs established by the decomposition and zig-
zagging process. By definition, a ST is a top-down logic
model generated in the success domain. Therefore, an
upper and a lower level in a FR-DP tree are connected by
‘AND’ logic gates despite the fact that there is no explicit
expression.

A DM whose physical meaning is the ratio of the
variation of FRs caused by the variation of DPs, which
can be termed sensitivity, is defined by Eqg. (1).

{FRsy = [ A\ DPsy @

where [A] is a matrix defined as a DM, 4, = 6/7/?],/80/;
{FRs} is a vector that constitutes a set of FRs,
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{DPs} is a vector that constitutes a set of DPs.
According to the configuration of a DM, the design is
classified into one of three types. When a DM is diagonal,
each of the FRs is satisfied independently by means of a
unique corresponding DP. Such a design is termed an
uncoupled design. If a DM is triangular, such a design is
termed a decoupled design. All other designs are known
as coupled designs. In other words, off-diagonal elements
that are larger than zero are regarded as functional couplings.
Along with the four domains and two visualization tools,
AD provides two design axioms to provide the proper
direction while seeking a better solution.
- Axiom 1, independent axiom: maintain the independence
of FRs
- Axiom 2, information axiom: minimize the information
content of a design

The independence axiom indicates that a DM must be
either uncoupled or decoupled. The information axiom
indicates that the best design will be the one with the lowest
level of information content from among the solutions
that fulfill the independent axiom. Information content is
defined as the log of the probability of satisfying given
FR sets [1]. The probability of satisfying given FRs is
calculated from the DR, the probabilistic distribution of
the SR, and their overlapping area, which is known as the
‘common range’. Though the calculation of the information
content is theoretically feasible, the enormous variables
affecting the information content make this practically
impossible in many cases. For this reason, a small number
of studies have proposed their own estimator for application
in specific situations [7-10].

2.2 Complementarity

FTA is a well-known methodology in reliability engi-
neering. FTA is a deductive procedure for determining
various combinations of hardware and software failures,
as well as human errors, which can result in a specified
undesirable event, referred to as a top event. Its guidelines
are well established, and many industrial-scale applications
have been executed.

Although AD and FTA were developed as entirely
different disciplines, with entirely different purposes,
complementarity can be found in their reasoning processes,
representation schemes, and in the quantification of success
or failure to put them into a single design framework. During
decomposition, all of the sub-FRs are chosen such that
they are necessary to achieve their parent FR. Therefore,
by definition, a FR-DP tree is a success tree, thus it is
theoretically convertible into a FT by changing logic gates
[11]. This complementarity makes the FR-DP tree and a
FT compatible.

It is possible to observe another complementarity in
the way that AD and FTA define success and failure,
respectively. FTA classifies three failure categories, taking
into account the existence of interaction with other failures
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[11]: a primary, a secondary, and a command failure.
Although modern FTA does not strictly follow this classi-
fication while performing probabilistic safety assessment,
the grouping of failures into the three classes is useful for
highlighting the complementarity. A primary failure is
defined as a component being in a nonworking state for
which the component is held accountable. A primary failure
randomly occurs within a design envelope without any
interaction with other failures. A secondary failure is identi-
cal to a primary failure except that the component is not
held accountable for the failure. A command failure is
defined as the component being in a nonworking state due
to improper control signals or noise. A secondary and a
command failure are caused by an abnormal operation or
failure of other physical parts. Fig. 2 qualitatively shows
the relationship of the functional coupling defined in AD
and failure events defined in FTA. In terms of AD, the
probability of success is equal to the common range of a
DR and a SR. Therefore the area of the SR located outside
the DR corresponds to the probability of failure. One of
the factors characterizing a SR is functional coupling. In
Fig. 2, the SR of an uncoupled design has no failure caused
by functional coupling. Thus, the black portion represents
the only primary failure defined in FTA. On the other hand,
the SR of a (de)coupled design involves all of the types
of failures defined in FTA, which matches the meshed
portion. Based on the known facts in AD and FTA, it was
deduced that the probability of satisfying given FR sets
can be characterized by the failure frequency defined in
FTA. In other words, the failure frequency can play the
role of approximating information content when designing
safety-critical systems.

DR
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SR of R {X 0} DF
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Il Primary Failure
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Fig. 2. Comparison of Functional Coupling and Failure Events

While both methodologies have a number of common
characteristics, and there are definite differences between
them as well. Firstly, AD provides a reasoning process
particularly for synthesizing a new design, but FTA is a

53



HEQ et al., Interactive System Design Using the Complementarity of Axiomatic Design and Fault Tree Analysis

tool for assessing an existing design. Secondly, a FR-DP
tree is an explicit functional hierarchy, but a FT represents
a failure propagation which is not usually equal to a func-
tional hierarchy. This signifies that it is not always possible
to convert a FT into a FR-DP tree by merely changing
the logic gates. Thirdly, the lowest level of a FR-DP tree
is DPs, but that of a FT, known as the basic event, should
be a physical part whose failure data is available. A DP
can be a physical property, as well as a physical part itself.
Even if a DP is a physical part, it is likely that it does not
satisfy the requirements that could make it a basic event.
Therefore, there is a clear difference between the resolutions
of the two methodologies. On account of these differences,
a few supplementary rules for converting a FR-DP tree
into a FT to integrate the two methodologies are required.

2.3 Conversion Rules from AD to FTA

Though a FR-DP tree and a FT are complimentary, a
conversion is not straightforward due to their inherent
characteristics. This section provides a number of supple-
mentary rules for achieving a conversion of a FR-DP tree
andaDMtoaFT.

2.3.1 Mapping to Failure Mode Domain

The objective of this study is to enable the consideration
of reliability issues from an early design phase. During
the early design phase, in which the synthesis process
dominates, the DPs play an important role in proposing a
solution. To bring reliability considerations into this design
phase, it is necessary to make connections between the
failure mechanism of physical parts and the DPs. This
requires a proper definition for the failure of a DP. The
failure of a DP refers to a situation during which the DP
does not deliver its corresponding FR. This occurs when
the DP is located outside its allowable range. The failure
of a DP should include all of the possible cases which
make the SR of the FRs move from inside a DR to outside
a DR. In this context, the traditional notion of Failure Mode
(FM) is customized, and an assumption is the failed DPs
are always associated with the FMs.

A FM is customized as a characterization of the obser-
vable and distinguishable manner in which a DP fails. As
DPs can be physical parameters while traditional FMs
require the existence of physical parts, the failure of DPs
should be projected to physical parts, components, or
systems to properly characterize them. Failures may result
from a cause either with or without functional coupling,
though the same consequences appear. In order to distingui-
sh the origin of failures, the pre-condition of a DP under
which failure occurs as a FM was considered. Thus, a FM
is given to a specific operation mode of the DP affecting
the success of other DPs. While designing safety-critical
systems, Common Cause Failures (CCFs) are an important
FM. Given that CCFs take place inside a single DP or over
a few DPs in terms of AD theory, there is no proper method
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for mapping a DP to a CCF. The management of CCFs
will be addressed in a subsequent section.

2.3.2 Basic Conversion of a FR-DP Tree intoa FT

Fig. 3 illustrates the method for converting a FR-DP
tree into a FT. The overall structure of the FT is identical
to that of a FR-DP tree due to the complimentarity. A FT
uses ‘OR’ logic gates to represent failure logic between
an upper and a lower levels, which are converted from the
‘AND’ gates implicitly involved in a FR-DP tree. The FMs
of physical parts are then mapped into appropriate DPs.
This mapping can be one-to-one, many-to-one, or one-to-
many. In FTA, all of the basic events that comprise the
lowest level of a FT are eventually replaced with the FMs
that were extensively customized in the previous section.
For uncoupled designs, all of the basic events are composed
of only the primary failure of the FMs shown in Fig. 3(a).
If there are off-diagonal elements in a DM, which indicate
functional coupling, additional ‘OR’ gates are needed to
add the basic events. These additional basic events represent
the conditional probability of FMs. From Fig. 3(b), the
failure of FR; occurs as a result of either the failure of the
corresponding DP; or a specific condition of DP,. This rule
is applicable regardless of the position of the off-diagonal
elements. For example, conditional failure events can be
generated from the elements located between identical
hierarchical levels or at different levels. In certain circum-
stances, a FM may be mapped onto more than two DPs
when a physical part involves the DPs. In those cases, most
basic events representing the conditional probability can
be eliminated or ignored by a Boolean operation or by
taking into account their physical validity.

Failure of FR by ...
OR
ol e ==
al|la n
= ‘ Failure of FR, Failure of FR,
by FM, by FM,
FR, X|O DP, X @ @ -
FR, |0|X DP, X (@)
Failure of FR by ...
3E AH: A
- . Failure of FR, Failure of FR,
FR, Dp, | X by FM, by ..
FR, |X|[X P, X[ X [O)

Fig. 3. Conversion of a FR-DP Hierarchical Tree into a FT
(FM, is an independent failure of a corresponding DP.
FMe|FMc indicates that FM; is a dependent failure of a

corresponding DP caused by FMc.)
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A detailed procedure for determining failure frequency
using a FT follows traditional guidelines [10]. The role
of failure frequency was mentioned as an approximated
measure of the information content. It is a representative
product of FTA. If the calculated failure frequency does
not meet the given criteria, alternative DPs can be suggested,
in an effort to decrease the probability of failure. Each
time an alternative design is made, the FR-DP tree and
the DM are updated accordingly. The modification of a
FT should then follow. It is not until the given reliability
criteria are fully satisfied that this interactive process is
finished.

2.3.3 Conversion of Alternative Design

It is common that multiple physical parts are installed
to reliably achieve identical FRs. In reliability engineering,
they are separated into two categories according to their
characteristics and ability. If they have the same physical
mechanism as the original or are merely duplicated, it is
termed a ‘redundant design’. Otherwise, it is known as a
‘diverse design.” In terms of the AD theory, a redundant
design corresponds to multiple physical parts delivering
the role of a single DP. A diverse design is defined as
design alternatives with multiple DPs to achieve the same
set of FRs. In this paper, they are known as alternative
design, which indicates a set of physical parts, components,
or systems to achieve a single FR regardless of a redundant
or diverse design. Alternative designs are usually deployed
to replace failed DPs or to mitigate the consequence of
failed DPs.

The system with alternative designs is described by
the non-square DM in Eq. (2). Eq. (2) can be re-stated by
Egs. (3-1) and (3-2), as alternative designs are used separa-
tely at a specified time or specified condition.

D,
FR, X o x
= DF,, @
R |0 ¥ X
DA
/R [x olfoA,
= ar =14 (31
R, |0 X|| DA
/R [x o|Dpp,
= ar =1, (32
R, |0 X|| LA

Here, altl and alt2 are the first and second alternative
design for FRy, respectively.
Fig. 4 illustrates the method for drawing the FT with
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alternative designs. All of the DPs are mapped into relevant
FMs. The difference from a basic conversion is that ‘AND’
gates are needed to combine the failure logic of the alterna-
tive designs. In some cases, a fractional number is assigned
to the gates to indicate a voting scheme. For example, in
Fig. 4, DP; has three alternatives. If a single DP for achieving
FR, at a specified condition is necessary (1-out-of-3 voting
gate), the FT is drawn as shown in Fig. 4(a). If at least two
alternatives are desirable (2-out-of-3 voting gate), the proper
FT is Fig. 4(b).

One of the most important concerns while deploying
alternative designs is a CCF. A DM does not have an appro-
priate method to show CCFs, as CCFs happen inside a single
DP, which is the minimum resolution in the decomposition
or over a few DPs under the same external influence.
Therefore, the representation of CCFs is not involved in
the conversion process from a FR-DP tree to a FT. If it is
necessary to complete the FT involving CCFs, the branches
of the representative CCFs could be appended at the appro-
priate locations, similar to manner in which the traditional
FTA manages CCFs. The dotted portion in Fig. 4 shows
an example for adding the failure modes caused by a CCF.

——[op | A
= [ = O
/ P, =
DP altl X X
4 DP, X| X
DP,s DP, 5 XX

Combination of
alternatives

I
Combination A A

of alternatives

AND AND

EAEdIESesanaana
ONONORONONO

(@ (b)

Fig. 4. Conversion of Alternative Designs into a FT (The node
for CCFs (dotted line) can be appended.)

3. CASE STUDY: CONTAINMENT HEAT REMOVAL
SYSTEM

The previous chapter described the proposed interactive
design framework based on AD and FTA, and explains
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the conversion scheme. This chapter demonstrates the
application of this interactive design framework using a
well-known example, a Containment Heat Removal System
(CHRS) which was analyzed by WASH-1400, US NRC
[2]. The purpose of the case study is to illustrate the process
of designing the CHRS with an interactive design framework
from the outset of the design to the point where it is quanti-
fied as a converted FT. This study is not intended to produce
a better CHRS design. It is assumed that the information
shown in the FTA by the US NRC is identical to that in a
synthesis process. Therefore, the end result of the interactive
design framework should be identical to the current CHRS.
CHRS is one of the safety features in nuclear power plants.
Fig. 5 shows a simplified flow diagram of the existing
CHRS. In Fig. 5, all of the multiple trains were merged
into a single path, but the name tags state how many multiple
trains are installed.

The first step is to determine the top FR for the CHRS.
The function of CHRS is to cool the containment sump
water being re-circulated through the Containment Spray
Recirculation System (CSRS). Therefore, it was decided
to ‘remove sufficient heat from the spray fluid’ as a top

FR, FR, and a CHRS was designated as a top DP, DP,. To
implement DP,, the following four sub-FRs are necessary
under a solution-neutral environment: 1) FRy; coolant
inventory, 2) FR;; coolant driving force, 3) FRs; coolant
delivery path, and 4) FR,; heat transfer mechanism. As
the simulation of the design process of the existing CHRS
is carried out, the corresponding DPs are taken to be: 1)
DP; the river water in the intake canal, 2) DP,; the head
difference, 3) DPs; the piping network, and 4) DP,; the
indirect heat transfer. Each DP is then decomposed in detail.
For example, to implement DP,, which requires transporting
river water up to the intake canal located on higher ground,
a pump and power source for the pump are needed. For
DPs, which arranges a coolant flow path, it is necessary
to suggest the FRs for the inlet condition, air venting, and
piping. This decomposition process is repeated until all
of the DPs are decomposed to the desired level. The first
three columns in Table 1 show the results of the FR-DP
decomposition for a CHRS as a whole. The FR-DP decom-
position in Table 1 enables the sketching of a preliminary
design of a CHRS, as shown in Fig. 5. The fourth column in
Table 1 is a list of the physical parts necessary for realizing

Discharge Canal

RM-SW114
RM-SW115
RM-SW116
RM-SW117
PP1A21
PPIB21
PP2A21 MOV-SW115A
PP2B21 MOV-SW115B
MOV-SW115C
MOV-SW115D

—»  HX

— A

XD

XD

MOV-CW100A MOV-CW200A
MOV-CW100B MOV-CW200B
MOV-CW100C MOV-CW200C
MOV-CW100D MOV-CW200D
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Recirculation Sysem | |_RS-E-1B Consender Consender
1-RS-E-1C 1-CN-SC-1A 2-CN-SC-1A
¢ I-RS-E-1D 1-CN-SC-1B 2-CN-SC-1B
MOV-SW104A
MOV-SW104B
MOV-SW104C MOV-CW106A MOV-CW206A
MOV-SW104D MOV-CW106B MOV-CW206B
MOV-CW106C MOV-CW206C
|<}_|><} ﬁ MOV-CW106D MOV-CW206D
PP1A20 MOV-SW103A
PP1B20 MOV-SW103B
—/\_/\
PP2A20 MOV-SWI03C
PP2B20 MOV-SW103D Intake Canal

Fig. 5. Simplified Flow Diagram of a CHRS
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Table 1. Preliminary Results for Designing a CHRS

FRs DPs Physical Parts | FMs
0 Remove sufficient heat from spray fluid Containment Heat Removal System
1 Provide sufficient service water inventory River (intake canal)
11 Provide pumping equipment Circulating water pump Pump 1. Fail to run
12 Provide operation source for pumping Power circuit by off-site power Power bus 1. Loss of power
2 Provide service water driving force Flow induced by head difference
2.1 Provide higher head at intake Higher intake canal position Canal N/A
2.2 Provide lower head at drain Drain pumping Pump 1. Fail to run
3 Provide proper configuration for service water | Piping network for service water
: . ) : Motor Operated | 1. Fail to open
31 Provide the inlet of service water Inlet on/off mechanism '
Valve (MOV) | 2. Inadvertent close
32 Provide air venting to make injection possible | Air vent on/off mechanism
3.2.1 | Provide air vents at inlet Air venting on/off line at inlet
3.2.1.1 | Provide air vent equipment Inlet air vent valves MOV L Ina}dvertent open,
2. Fail to open
3.2.1.2 | Provide operator Human operator Operator 1. Human error
3.2.2 | Provide air vents at outlet Air venting on/off line at outlet
3.2.2.1 | Provide air vent equipment Outlet air vent valves MOV L Ina_tdvertent open,
2. Fail to open
3.2.2.2 | Provide operator Human operator Operator 1. Human error
3.3 Provide flow path Piping network Pipe 1. Break
4 Provide t_he way f(_)r heat transfer from Heat transfer by indirect contact
spray fluid to service water
41 Provide proper structure for indirect Shell & tube type heat exchanger Heat exchanger | 1. Break
contact heat transfer
4.2 Supply spray fluid to either side Containment Spray Recirculation
of heat transfer surfaces System pumping
4.2.1 | Provide pumping equipment CSRS pumps Pump 1. Fail to run
4.2.2 | Provide proper configuration for spray fluid Piping network Pipes 1. Break
4.2.3 | Provide power source for pumping equipment | 460 Volts AC AC bus 1. Insufficient volts
4.2.4 | Provide power source for control 125 Volts DC DC bus 1. Insufficient volts
4.3 Prevent leakage from spray fluid to Drain isolation by monitoring
service water radioactivity
4.3.1 | Provide radioactivity monitoring equipment Radiation monitoring sensor Sensor 1. Sensor trouble
432 Pr0\{|de the way to isolate service water Isolation valves
leaking to environment
4.3.2.1 | Provide the isolation valves at inlet Inlet isolation on/off mechanism MOV 1. Fail to close,
of heat exchanger 2. Inadvertent close
4.3.2.2 | Provide the isolation valves at outlet Drain isolation on/off mechanism MOV L. Fail to close,

of heat exchanger

2. Inadvertent close
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the preliminary design of the CHRS. It was assumed that
all of the physical parts were feasibly selected and can
supply all of the lowest level of DPs. Though it is possible
to advance to a lower level, for easier demonstration the
process is halted at this point and the next level is addressed.

The second step is to populate a DM to determine if
there exists functional coupling of the preliminary design
of a CHRS. The schematic flow diagram of the preliminary
design in Fig. 5 provides insight into a method for popula-
ting the DM, and Fig. 6 displays the results. In this study,

Acclaro™ facilitates the AD process [11]. It facilitates the
classification of designs; coupled, decoupled, or uncoupled.
Most functional couplings are present in the DPs related
to heat transfer. For example, FR41, ‘provide the proper
structure for indirect contact of service water’ is closely
related to the configuration of the fluid path inside as well
as outside heat exchanger, as DP.s, ‘shell & tube type heat
exchanger’ was chosen as a solution. DP;; and DPs, are
noted as potential causes that may affect the satisfaction
of FR4:. As power-operated equipment such as pumps are
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Fig. 6. Populated DM for Designing a CHRS
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Fig. 7. Preliminary FT Converted from the Design Products by AD

typically coupled with a power source or a controller,
additional couplings are disclosed in FRi1, FRsz11, FRs221,
and FRs1.

The third step is to map FMs into DPs and to generate
a FT. It was assumed that the design information involved
in the synthesis and analysis process is equal. In other
words, the FMs that are generative while implementing
DPs should be identified in a similar approach as are the
FMs provided by WASH-1400. Therefore, the DPs of the
lowest levels are mapped into the FMs provided by WASH-
1400 considering the pipes, valves, control circuit compo-
nents, electric power, and human error - without addressing
their validity. The fifth column in Table 1 shows a list of
the FMs that exist in the preliminary design of a CHRS.
Using the FM and the conversion rules described earlier
in this paper, a preliminary FT was constructed, as shown
in Fig. 7. The structure of the FT is identical to that of the
FR-DP hierarchical tree. The FT is composed of the FMs
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which replace DPs. Additionally, several FMs caused by
functional coupling are suspended. By taking into account
the duplication among the precursors resulting in functional
coupling-induced failures, a number of of them are
eliminated. If all of the FMs are quantifiable, it is possible to
obtain the probability of failure at the top event, ‘the failure
of FR,.’

The fourth step is to determine if the probability of
failure at the top event is acceptable in terms of the
customers’ criteria. If it does not meet this criteria, either
a redundant or diverse design may be chosen in an effort
to improve the reliability of the preliminary design. Table
2 lists the redundant designs deployed in the design of the
CHRS as well as the assumptions when calculating the
failure frequency, as provided by WASH-1400. The failure
frequency of several FMs is regarded as a negligible
quantity; however, this does not imply they are eliminated.
On the basis of these lists, redundant designs to the bare-
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Table 2. Improved Design of a CHRS Using Redundant Designs

DPs Modified FMs Redundant Physical Parts
0 Containment Heat Removal System
1 River (intake canal)
11 Circulating water pump 1. Negligible 8 trains
12 Power circuit by off-site power 1. Loss of power
2 Flow induced by head difference
2.1 Higher intake canal position N/A
2.2 Drain pumping 1. Negligible 1-SW-P-5A~D
3 Piping network for service water
31 Inlet on/off mechanism 1. Negligible, 2. Negligible MOV-SW103A~D
3.2 Air vent on/off mechanism
3.2.1 | Airventing on/off line at inlet
3.2.1.1 | Inlet air vent valves 1. Negligible, 2. Fail to open | PP1A20, PP1B20, PP2A20, PP2B20
3.2.1.2 | Human operator 1. Human error
3.2.2 | Airventing on/off line at outlet
3.2.2.1 | Outlet air vent valves 1. Negligible, 2. Fail to open | PP1A21, PP1B21, PP2A21, PP2B21
3.2.2.2 | Human operator 1. Human error
3.3 Piping network 1. Break Common head
4 Heat transfer by indirect contact 4 trains
4.1 Shell & tube type heat exchanger 1. Break 1-RS-E-1A~D
4.2 Containment Spray Recirculation System pumping
4.2.1 | CSRS pumps 1. Fail to run 1-RS-P-1A, B; 1-RS-P-2A, B
4.2.2 | Piping network 1. Break
4.2.3 | 460 Volts AC 1. Insufficient volts Bus 1A, B
424 125 Volts DC 1. Insufficient volts Bus 1J, H
4.3 Drain isolation by monitoring radioactivity
4.3.1 | Radiation monitoring sensor 1. Sensor trouble RM-SW114~117
4.3.2 | Isolation valves
4.3.2.1 | Inlet isolation on/off mechanism of heat exchanger % mz%l\llglr?;ﬁt close MOV-SW104A~D
4.3.2.2 | Drain isolation on/off mechanism of heat exchanger 1. Negligible, MOV-SW105A~D

2. Inadvertent close

bone CHRS were considered, as was a modification of the
voting scheme of the DPs. It is of interest that DP, has
four train redundant mechanisms, but the electric sources
of a CSRS, DP42s and DP.., have only two trains. The
voting scheme of DP, is 3/4, which indicates a CHRS
required three out of four trains to meet a performance
criterion. In addition to redundant designs, a diverse
design for DP; is involved as an alternative design. The
level in the intake canal is maintained by eight circulating
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water pumps that take water from the river. These pumps
are powered by off-site power. If off-site power is lost, half
of these pumps stop, as emergent diesel power is insufficient
for supplying electricity. Table 3 provides a modified
FR; and DP;, to represent the alternative design of the
original DP;. New decisions for all of the sub-FRs and
sub-DPs are needed for the alternative design. For the new
DPs, it is necessary to analyze the FMs. The finalized FMs
are given in Table 3.
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Table 3. Improved Design of a CHRS Using a Diverse Design

- Redundant
FRs DPs Modified FMs Physical Parts
1 Provide sufficient service water inventory | River
1(2) River (intake canal, Normal operation)
1(1).1 | Provide the force to pump up from river Circulating water pumping 8 trains
to higher canal
1(1).1.1 | Provide pumping equipment Circulating water pump 1. Negligible
1(1).1.2 | Provide pump driving source Power circuit by off-site power 1. Loss of off-site
power
1(2) River (intake canal, Drain operation)
1(2).1 | Provide the force to pump up from river Circulating water pumping 4 trains
to higher canal
1(2).1.1 | Provide pumping equipment Circulating water pump 1. Negligible
1(2).1.2 | Provide pump driving source Power circuit by diesel power 1. Insufficient Single unit
power to bus
1(2).2 | Monitor the level of intake canal Level sensor 1. Sensor failure
1(2).3 | Isolate unnecessary service water Condenser isolation
1(2).3.1 | Isolate the inlet of service water to Inlet on/off mechanism 1. Failure in power | MOV-CW-
condenser circuit, 206A, C
2. Fail to close,
3. Failure in control
circuit
1(2).3.2 | Isolate the outlet of service water to Outlet on/off mechanism 1. Failure in power | MOV-CW-
condenser circuit, 200B, D
2. Fail to close,
3. Failure in control
circuit,

The final step is to generate a FT for the CHRS with
alternative designs. Fig. 8 shows the final FT converted from
the modified FR-DP decomposition incorporating the results
in Table 2 and Table 3. The FT in Fig. 8 provides an identical
minimal cutset to that analyzed in WASH-1400. It is clear,
as the equality of design information while synthesizing or
analyzing the CHRS was hypothesized. The essence of the
proposed design framework is to share design information
from an early design phase by making the synthesis and
reliability check-up more interactive. The case study
conceptually shows a technique that achieves this mission.

4. CONCLUSIONS

The purpose of this study is to propose a framework to
enable close interaction between the synthesis and analysis
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processes, particularly a reliability analysis, in order to
efficiently design safety-critical systems. It is believed that
AD and FTA play indispensable roles during the design
of safety-critical systems. While designing nuclear power
plants, FTA is a mandatory requirement during the design
processes. This study does not suggest FTA has to be
induced from the products of AD; however, it was found
that integrating AD and FTA into a single framework is a
viable solution, as they compliment each other with their
unique advantages. The synthesis process driven by AD
involves much available information, thus it is possible
to carry out FTA with less effort. In addition, it should be
possible to obtain the same amount of insight from an FTA
converted from AD as that from the FTA traditionally
performed. The interactive design framework integrates
the two methodologies. In contrast, FTA during the synthesis
process allows a more feasible opportunity to discover

61



HEO et al.,

Interactive System Design Using the Complementarity of Axiomatic Design and Fault Tree Analysis

FR, Fail by

FR,, Fall by

FR, Fail by |

3/4

| FM1(1>2 1(7) Fail by | | FM;,,, M.,,, | Combinatorial |
Lg O o
! 1
FR, Fail b FR, Fail b FR, Fail b
| M, 0, | FM 02 || FM 0051 || FM 015 | (Train 1812 ory3) || (Train 2313 ory4) || (Train 3,821 oryl) |
ox A A
[ I
| FR,, Fail by | | FR,, Fail by | | FR,;, Fail by |
OR OR OR
| FM32ll 2 F1\43271 2 FM477 | FM 423 | FM 424 FM4321»2 FM4322-2

* 1 and 3, and 2 and 4 trains share the same physical parts respectively.

** See Table 3

Fig. 8. Final FT Converted from the Modified FR-DP Decomposition

design vulnerabilities by observing a system from the
viewpoint of a failure domain. A survey on failure domain
may be useful to complete missed sets of FRs and DPs.
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