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PREFACE

Considering theprocessof developingnew mechanical system pdacs, the
amount of time spent on designing, validating and testirgsystems by far the most
costly and time consuming actiyismong the rest of theroduct deliveryprocesseslf
the first designteration successfullypassed throughirtual validaion check processes
( FEA, C F Dnade tit ¢ophysical testing but failedto pass its requirements,
modificationor complete redesign fdahe systemwould need tde implementedbefore
progressing to the next product development proddasy reasonkad to this mismatch
between virtual verifiationchecks outcomand physical verificatios one of them is the
uncontrolled physical environment randomness that affects physical teshiat is not
captured during deterministic virtual verification essmentsbesides, the lack of an
organized reliability assessment procélsat can be implemented during the virtual
verification phases

Most of mechanical systems fail @tio physical material failuresh@se failures
are produced by degradation meckarg such asf at i gu e, wearthat corr o:
create internal and/or external damages produced dmyironment stresses. Those
stressesbeside the rate of system usage and material capacity to resist those damaging
mechanismdead over time teomponat failuresthat hinder thesuccessfubperation of
the systemMechanical systemarealsorequired to deliver specific system tasks (will be
called operations inhts research); those operatiomsdirectly, arethe main cause of
system failure. The denand on the system to deliver these operations is the primary

driver that leads to failureBeing able toidentify the operatios affecting specific



componentnd how that effect is being carried aadifficult taskto visually recognize

for complicated systems A tool that helps the system analyst to recognize the
relation$ips between system operations as@mponents and recognirgeractions and
influences between system components is very impoiltanassessag the system
reliability.

Another issuerelated to the reliability of mechanical systems is the mismatch
between reliability predictions produced by processes like RBD and FTAorawldict
reliability data collected during customer usagéenerally RBD and FTA processes,
originally developed forelectronic components, underestimateechanical systems
reliability in comparison withobserveddata during customer usage phase. A process
developedspecifically formechanical systems and mechanical failures is needed

In this researcha framework is dveloped to allow couplinggf the design
synthesis of mechanical systems to mechanmEged damage modelBhe final goal of
this coupling isto assess components thteefailure (TTF) distributions and use that to

assess thmechanicabystem(TTF) distribution and reliability
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Chapterl.Int roducti on

1.1 Research Motivation

As companies expand into new markets by developing new products or marketing
existing ones, they normally face the challenge of delivevaige products that keep
them competitive to survive in tke markets. The environment, customer usage and
product perception in these new markets might be different than wbse giroducts
were designed for. A process that recognizes and modede thiferences and their
impact on products durability and reliability would help to accurately predict these
products future performance.

Due to the complexity of modern engineering systems tAedshort time to
market(TTM) allocated to complete PDRhe timerequired to assess the reliability of
these systems is becoming a critical component of the success iothest delivery
process A systematic structured reliability assessment process that recognizes the
parameters affectingesignreliability and caneasily be used byengineersduring the
product development phasés needed to helpnake the right design decisions to
influence the reliabilityof these products durirearlydesign phase

Reliability is defined as the probability thah &em will perform a required
function without failureunder stated conditions for a specified period of tjfrje Based
on this definition, understanding the functionglitgustomer usage, operational
environments and life goatsf a systems very essential to assess its reliability. In this
research, an attemp made tointegrate those reliability elements inrblomechanistic

based, design integratedeliability evaluation process.The physics of failure
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methodology of reliability assessntewill be integrated to the design entity and the
design development procesBhe main focus of this research will be on mechanical
systems and degradation type mechanical failasgsesented ihable3-1.

Chapterl of thisdissertationoutlines the contribution and scope of this research
work. The literaturereview of reliability and product engineeringhe history of
reliability integration during design processes amsdimmary of the currelyt used
processesare presentedin Chapter 2 Chapter 3 introduces the new mechanistic
reliability processThe process of design synthesis needed to capture the design elements
essential to reliability validation is demonstrated; Damage and degradation models are
developed for fatigue typilures to assess component reliability; System reliability and
availability processes are developed and demonstrated thehaghexamplesand an
overview of the integration between the design process and reliability validation process
is summarized ahe endChapter 4 shows through generic example how the mechanistic
reliability methodology can be integrated ttee system of components design process.
Chapter 5 demonstrates the component mechanistic reliability process integration to
design through mactical example of an internal combustion engine manifold design
problem. Lastly, Chapter 6 presents a déston about the proposedocess, conclusions

of this research worlkand recommendations for future work.

1.2 Contribution s
The key characteristic degations for this thesis work are: automation, streamlining and
integration related to reliability engineeringrocessesof mechanical systemsThis

research identifies the need for a design integrated, phlyagsd reliabilityframework



to bridge gaps tat hinders theautomationand streamliningof reliability assessment

during the design process of mechanical systems. The mechanistic aspect of this process
refers to the mechanization related to ititegrationprocessf design synthesiand the
integraton of physics of failure (PoRapproach. Considerinmechanical systems and
mechanical failure modethis dissertatiorontributes the following taddress this need

1. Reliability-centered design synthesis process automated algorithm
was developed tmtegratedesign synthesis models, PoF damage models,
expert knowledge and relevant imgation needed toevaluatesystem
reliability (Figure3-38).

2. Componert seliability assessmerygrocess leveraginginterrelationships
revealel bythe design synthesis stepprocessvas developed to generate
component sfaluret(TITA) eistribudions using: product usage
information and PoF damage moddbxamage path mathematical model
was introduced witlstatisticaldatamanagemenprocess.

3. System reliability assessment proce$sveragingc omponent 6s T
distributions and inerrelationships revealed bthe design synthesis
process a reliability assessment method for mechanical systems
developed.Three damage operatorsSYNC1, SYNC2 & ASYNC) that
govern t he interrelationship bet wee
damagevas introduced and demonstrated through examples

4. Damage model implementation to system availability assessment
Mathematical models and algorithms f&YNC1, SYNC2 & ASYNC)

damage behavior for system availabiligis introduced and demonstrated.
1.3 Scope of Work
This research will address the mechanical system reliability problem by

leveraging design synthesis methodscusng on failure eventscaused by failure



mechanisrma with known physicsbaseddamagemodek. The following assumptions
about the mechanical systeamder investigatiorgre assumed true:

1. components are assumedbe independent of each other

2. system operations are assumed to be independent of each other

3. failure mechanisms are not influencing each other in terms of accelerating
or decelerating the damage process progression.

4. the mechanicalfailure modes follow PalmgréMiner linear damage
hypothesig2] [3].

5.t he mechani cal sdexcriptven :modedsp eaug@irigi on s 0
relationships and component interaction are assumed lifeesible
cases of nonlinearity could exist but not in the scope of this research.

The research will attempt to deliver thisove-mentionedyoals by:

1) develop a design synthesis that provides sufficient knowledge about the
system to allow PoF reliability assessment to be implemented

2) develop generic PoF reliability assessment process using the system
synthesis developed and

3) demonstate the process through examples

The researchwill focus on reliability assessmentf the design given the
knowledge aboutsystemusage stress agents affecting the system #mel damage

behaviorof thedesign material



Chapter2L i t erature review

This researchfocuses onthe framework ofdesignintegrated physicsbased
reliability processesThe assumption that design synthesis is an important aspect to
describe desiggoals,entities,functions, environmentjsagé e t ¢ s lisdgoafatus on
understanding the keyharacteristics ofthis topic; besidesdesign processes that
integrates reliability engineering within their framework

At the end of World War I, with statistics and mass production well established,
Reliability Engineering emerged as a new science; #talyst came in the form of an
electronic component, the vacuum tye Vacuum tubes were used in several electronic
products such as radars, radios, sound reproductions, large phone network, teétgision
Due to its numeus failure modes and its extensive use in electronic components, during
World War II, vacuum tubes were by far the most unreliable component used in
electronic systemfb]. It is this experience with the vacuum tubes that jptech the US
Department oDefensg(DoD) to initiate a series of studies for looking into these failures
after the war; these efforts eventually consolidated and gave birth to a new discipline,
Reliability Engineering4].

Design researchis the field of engineeringconcerned with the physical
embodiment of mamade thingshow these things perform their jobs, and how they
work; besides how designers work, how they think, and how they carry out design
activity. Design research ialso concerned with what is achieved at the end of a
purposeful design activity, hovan artificial thing appearswhat it meansbesides
concerned with the embodiment of configurations. Design research is a systematic search
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and acquisition of knowledgelated to design and design activig]. The influence of

systems analysis and systems theory on design established the grounds for the foundation

of Asystematic design methodso. TheCConfer

Jones and D. G. Thornley in 1963 was the first scientific approach to design methods in
England[6].

This chapter will review the design engineering processegneral withmore
focus on design methodologies and desigpresentation elements and techniques;
besidesa review of reliability engineering with more focumn designrintegrated
reliability methods and techniques. A literature summary to this chapter is presented on

the last section

2.1 Design Engineering

Although design continues to remain a mysterious actifotymany it has been
recognized as an important activity for more than 4,000 yeamsumndl 2,000 BC,
Hammurabi, King of Babylon, enacted a law which both recognized design and made it
dangeroug7]; Hammur abi 6s code mentions: "1 f a
house for a man and his work is not good, and if the house he has designed/built falls in
and Kills the householder, that designer/builder shall be s[d@in.Design research has a
number of goals including: gaining a better understanding of design, developing tools to
aid human designers, and the potential automation of some desigfi7jagksgineering
design is the process of satisfying requirements by developing and synthesizing building

bl ocks into meaningful designs t hat[8.meet

t
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Design synthesis is the area of research thatskEx on developing guidelines, methods
and tools for supporting creation of such solutif@js

Dieter and Schmidf9] recognized that @pd design requires both analysis and
synthesis. Typically weapproach complex problems like design by decomposing the
problem into manageable parts. Because we need to understand how the part will perform
i n service, we must be able to calcul ate
possible before it exista a physical form by using the appropriate discipline of science
and engineering science ancethecessary computational toolshid process is called
analysis; t usually involves the simplification of the world through models. Synthesis
involves the i@ntification of the design elements that will comprise the product, its
decomposition into parts, and the combination of the part solutions into a total workable
system[9].

Gero[7] described theels i gn act i viriehtgd, canstrained, alecigiana |
making, exploration and learning activity which operates within a context which depends
on the designer's perception of the cont ex

Zheng et al10] considered the desigof a product system as the synthesis of
various candidate systems in fulfilling design requirement. The design requirement
includes (1) the neefdr the systenassuggested by customers or users and (2) the effort
limited to produce the system. The ndetther has two aspects: (i) the tinmsensitive
need, and {j the timesensitive need. The secend) - commonly refers to the delivery
time of a system. The effort limited is basically about the cost (for producing the system)

which can always be cegarted intoamonetary measure



Modern design engineering procesddistinguishbetween design sciences and
design methodology; Design science uses scientific methods to analyze the structures of
technical systems and their relationships with the envirohfh&h Design methodology,
however is a concrete course of action for the design of technical systems that derives its
knowledge from design science and cognitive psychology, and from practical experience
in different domainsilt includes plans of action that link working steps and design phases
according to content and organizat{dd].

Decisions made during conceptual design have signifisd#hience on cost,
performance, reliability, safety amshvironmental impact ahe product[12]. It has been
estimated that design decisions account for more than 75% of final producfl@jsts

[13], [14], [15].

2.1.1 Design Methodologies Overview

Design methodologies aim at developing proesghat allows idea to be
transferred tgproducs;, some of thee processes address the design asc@gs@nd some
as an entitythat need to be synthesized; some processes try to integrate the two: aspects
the process and the entity forBome of theommonly known methaiogiesare:

1. Systematic Design

2. Axiomatic Design

3. Theory of Inventive Problem Solving (TIPS or TRIZ)
4. Design by Analgy

The first two are design processes that follow a systematic breakdowe of
system main functions into sdbnctions; Systematic Design methsi@drtsby producing

a system functional structure that is based on flow and conversion of materials, energy
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and signals through sub functions that are connected together to produce the s/stem
overall function; Axiomatic Design on the other hand will focus on identifying the most
feasible design solution to the generic functional structure.

Theory of Inventive Poblem Solving (TIPS or TRIZ in the original Russian
name) presumes that the most effective solutions are achieved when an inventor solves a
technical problem that contains contradiction; TRIZ applies strategies and tools to find a
design solution that oveomes the need for traadf between design parameters.

Design by Analogy is a design method that depends on acquiring knowledge from
onedesgn and applyhat knowledge to design a similar product; due to its focus on how
to develop a design solution, siignby-analogy is more of a design synthesis procedure
than a complete design method process.

The following sections will focus on reviewing Systematic Design and Axiomatic

Design due to their comprehensive description of the design as an object aoelsa pro

Systematic Design

Modern systematicdesign methodologydeaswere developed in Germany and
pioneered by Erkens in the 1920s. He insisted on abstspep approach based on
constant testing and evaluation, and also on balancing of conflicting deragpidgess
that must be continued until a network of idélas desigremergeg11].

Pahl and Beitz outlined and defined Systematic Design as a design method in
their seminaltextbook, Engineering Design: A Systematic Approakdtey broke down

the design process into four main stgfdy:



. Planning and task clfication: The purpose of this steg to collect
information about the requirements that have to be fulfilled by the product,
and any existing constraints and their importance. This activity results in
the specification of information in a form of a requirementq1i$}.

. Conceptual Design: This phase determines the principle solution which is
achieved by abstraciy the essential problems, establishing function
structures, searching for suitable working principles and then combining
those principles into a working structur&his phaseresults in the
specification of a principle solutida1].

. Embodiment Design: during this phase, designers starting from a concept
(working structure, principle solution) determine the construction structure
(overall layout) of a technical system in line with technical aaohomic
criteria. Embodiment déemn results in the specification of a layooit
many valid layout$11].

. Detail Design: this is the phase of the design process in which
arrangement, forms, dimensions and surface properties of all of the
individual parts are ifally laid down. Materiak would be specified,
production possibilities assessed, cost estimated and all the drawings and
other production documents produahging this phaseThe detail design
phase results in the specification of information in thenfof production

documentatiofill].
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Task
Market, Company, Environment —

y
Plan and clarify the task:
+ Analyze the market and the company situation
= Find and select product ideas

+ Formulate a product proposal

* Clarify the task

= Elahorate a requirement list

3
Requirements list
(Design Specification)

Develop the principle solution:

« Identify essential prablems

« Establish function structures

« Search for working principles and working structures
« Combine and firm up into concept variants

« Evaluate against technical and economic criteria

!

Principle Solution
(Concept)

|

Optimization of principle »

Develop the construction structure:

= Preliminary form design, material selection and calculation
« Select best preliminary layouts

+ Refine and improve layouts

+ Evaluate against technical and economic criteria

i ]
< Preliminary layout

»
T

Optimization of layout

_ @ﬂﬂﬁﬁ_ﬂﬂﬂdy‘t@@'ﬂewﬂﬁli e

Define the construction structure:

+ Eliminate the weak spots

« Check for errors, disturbing influences and minimum costs

« Prepare the preliminary parts list and production and assembly documents

< Definitive layout

I

- Elaborate detail drawings and parts lists
« Complete production, assembly, transport and operating instructions
« Check all documents

il

Prepare production and operating documents: ’

Upgrade and improve
|<— Detail design —+— Embodiment Design —+—Cnnceplualdesign—h| Planning and task clarification I-_
~—————— Optimization of production ———

Product documentation
Solution

Figure 2-1: Steps in the planning and design process of the Systematic Design metiibd]

Figure 2-1 shows the process steps as outlined by Pahl & Belfz The most
popular step in systematic design is the establishment of a functional structure. The
functional structure is a solutiemeutrd network of functional representations that leads
to the delivery of the main system function outputs; systematic design adopts the idea that

artifacts are systems connected to the environment by means of inputs and[@6Gipats
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system can be divided into subsystems; what belong to a particular system is determined
by the system boundary. Inputs and outputs cross the system boundary to be converted,
channel ed, mi xed, transported, ckifesmslofay e d é e

inputs and outputs; energy, material and signal.

HE

JOin WOOd ——» Material rejected
Components — Energy rejected
Nails ———]
Unassembled with nails L Assemby
nents E—

companer

Enerey  ——p

Figure 2-2: Top Level Functional Structure of a Nail Gun

The top-level functional structure can be decomposed until the design concept
features \ere realized enough to start the physical system components degige.2-3
shows the decomposed main functional structure of a pneumatic nail gun; both of these
two functional structures are solution indeperidea. they do not specify what kind of
components would satisfy those functional requirements.

The graphical functional structure representation to the design domain allows
functional flows to be recognized. Considering a system that is required terdeliv
specific operations, a set of functions working together to deliver a specific operation can
be considered as a definition to what that operation is; i.e. an operation can be defined as
a set of functions working together to deliver an objective syspempose; the
capabilities of functional structuresgll be utilized, as will belemonstrateth Chapter 3

to recognize a descriptive model for the mechanical system.
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Figure 2-3: Expanded Level Functional Structure of a Nail Gun
Axiomatic Design

Axiomatic Design was advanced by Nam P. Suh in theX@iDs with the goal to
develop a scientific, generalized, codified, and systematic procedure for {&g]gn
According to Suh, design may be defined as the creation of synthesized solutions in the
form of products, processes or systems that satisfy perceived needs through the mapping
between thefunctional requirement¢FR9 in the functional domain and e¢hdesign
parametersiP9 in the physical domain, through the proper selection of DPs that satisfy
FRs[18].

In Axiomatic design framework; the world of design is made up of four domains:
the customer domain, the functional dam the physical domain, and the process

domain. The customer domain is characterized by the attributes (CAs) that the customer
13



is looking for in a product or process or system or materials. In the functional domain, the
customer needs are specified imnte of functional requirements (FRs) and constraints
(Cs). In order to satisfy the specified FRs, we conceive design parameters (DPs) in the
physical domain. Finally, to produce the product specified in terms of DPs, we develop a
process that is charactegd by process variables (PVs) in the process dofh@jn

Axiomatic design methodology is based on two Axidi@], these two axioms
are identified by examimg the common elements that aresenin a good design:

1 The Independence Axionmaintains the independence of the functional
requirements (FRSs).

1 The Information Axiom: Minimize the information content of the design;
this axiom states that among those designs that satisfy the Independence
Axiom the desigmwvith the smallest information content is the best design.

In summary the Axiomatic Design methodology assumes a relationship between a
vector that represent80'Y i and another vector that represeri®0 i as the following
system repres¢ation:

&20! $00 Equation2-1
0 is called the Design Matrix, it is a characterization to the design .sigaca 3

FRs and 3 DPs system,;

&2 Yoo 1oc !po $9
& ! ¢p ! ¢ ¢ ! ¢o 8 Q Equation2-2
&% '/0',0 -/ac o0 Q
Considering the first axiom, Axiomatic Design calls a systemHi§eation2-36 s

uncoupled design

&2 !y, m m $¢g
&2 m e o m $¢ Equation2-3
& 2 7o ., %4
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and a system likBquation2-40 a decoupled design;
&3 l,, m m $4
& % -/cp '/C ¢ T 8 Q Equation2-4
& 2 Top loc 1oo $ 8
where, DPs are being determined from the 0@ to the bottomO 0 , in a sequence.
Axiomatic design assumes tHar a system to satisfy the first axiom it has to be
uncoupled or decoupled; any other forms of the design matrix are called a coupled
design. Axiomatic design considers coupled designs as not robust and cannot survive
random variations of DPs and these@onment surrounding the desiffiB].
The matrix representation to the design domain allows coupling relationships

between functions and physical components to be developed and system performance to

be studied further, as witle shown irChapter 3

2.1.2 DesignRepresentationOverview

The purpose of design representation is to provide the semantics and syntax for
specifyng and manipulating design informatiof20]. An ordinal mechanical design
produces blueprints of a mechanical system which repgeshape size of parts and
their configuration. However, the blue prints do not represent the functions of a
mechanical systenin other wordsit is difficult for a user to ideify the functions or
designersdé6 intention of each part correct|
kinds of information of a design systematicglBi]. On the other handhé ability to
analyze design behavior undeaariety of conditions drives the need to model a design
analytically to gain feedback on likely or potential behavior before design decisions are

made[22].
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The design representation discussion brings attention to condeptiudiction,
behavior, structure, state, purpose in the context of product enginegngge concepts
has been discussed and define differently by design reseai{@31i24] [25] [24] [10],
Table 2-1 shows a summary of these concepts definitions in the context of design
engineering The majority of the design community aceephe idea that the function
domain is a subset of the behavior domain and that the behavior domain can be divided
into two main subsewf intended and unintended behavior. Zhang ¢t@lsunmarized

the differences inlefinitionsfor four design schoolgTable2-2).

Table 2-1: Summary of concepts definitions related to design engineering framework

Technical definitions in context of designgineering

The design intent, what the device is designed for, what is performe

an artifact and what an artifact ddes].

Function The purposes of the design being designed, i.e., its teleology, ¢

description of beawior abstracted by human through recognition of {
behavior in order to utilize [R4].

The reason why an artifact exists or what it is intende{Rfgjy it
Purpose| defines intentional functiorend why an artifact is and does what it do
what the artifact is foj23].

Il s the manner i n which an art.
artifact does what it dod&3].

Behavior| The set of attributes derivable from structure or expected of struct
sequential in nature, and recognized by changes of{2te

The response of the system when it receives stiboji
Il s what constitutes an [28]rt i f
Structue Design description represent
relationshipg26].

S Refers t o a st rntacebus time éegresentation te tf
tate structure[24].

A naive understanding of conceptual design may lead one to believe that a

function perspective of an artifact is adequate; however, any realistic conceptual design
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review proess demands that the designer be able to answer performance questions that
arise from secondary characteristics of a design, better known as bef[@R&jor
Understanding and predicting behavior is the key to creating designgetitt with its
environment. Behavior, other than intended behavior, is not modeled directly during the
conceptual design phase because the focus is on assuring and improving functionality,
which is a subset of possible behavi[228]. As the design progresses to the embodiment
phase the behavior and structure of the design start to emerge and if it was well
recognized it could play significant role in the performance of the designed system.
Combining form, function, and behav can satisfy all necessary criteria for a

representation systef2].

Table 2-2: Different schools of the design modeling; Definitions surveji0]

American Japanese European Australian
description of
behavior the usefulness of
. what the abstracted by the behavior, the thing an artifact
Function o -
device is forf] human through | perceived by the performs
recognition of the human user
behavior
a description of thg
system in terms of : .
. the manner in whicH
, its allowable states :
. what he what the device an artifact acts
Behavior . t he sys e
device does does ) under specified
variables, and how o,
: conditions
those variables are
related
what the .. | how the behavior ig th”u constitutgs an
Structure ..~ | whatthe device ig ) artifact (or defines
device is realized. . T
its constitution).

The focus 6 the coming sukectiors will be on exploring design representation

methods The methods are grouped with commonalities in relationfuoctional,
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behavioral,environmentalphysical and user interaction representationatiels Some
of these methods has reliability modeling integrated to the process which will be explored

on the Reliability Engineering overviewection2.2

Functional Basis

Functionality is a representation mapping the intrinsic properties of an object in
the perceptual and interactive space of an adem characterized as an extension of
purposive and active vision, active perception asttoriented approachg27].

In the functional basis approathe designetirstly determines the entire function
by analyzing the specifications of the product to be designed and built. He or she then
divides the function m@rsively into sudunctions, a process that produces a functional
structure. Secony, for each divided subunction, the designer uses a catalog to look up
the most appropriate functional element a component or a set of components that perform
a function Finally, he/shecomposes a design solution from those selected elefi2&hts
This methodology defines function as the transformation between input and output of
energy, material, and information. Although widely accepted, dbfinition has trouble
representing a function that does not transform somef28jg

Pahl and Beitf11] listed five generally valid functions and three types of flow at
a very high level of airaction. HundaJ]29]pr esent ed a | i st of s
baseo with more specific subfunctions
functions descr [30 and consteringaphslimempeoductsyleadek et al
[31] derived four basic types of functiandvotion, Power/Matter, Control, and

Enclosure.Table 2-3 shows a summary of the functions recognized biil R Beitz,
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Hundal and Fadel et.alnumbers between brackets next to Huadalnctions are the
number of subfunctions recognized by him

Table 2-3: Basic Functions Setsecognized by Pahl & Beitz, Hundal and Fadel et al.

Pahl & Beitz[11] Hundal[29] Fadel et a[31]
Change Channel (4) Motion
Vary Store/Supply (2) Control
Connect Connect (13) Power/Matter
Channel Brand (5) Enclose
Store Change Magnitude (5
Convert (10)

The functional basis research grew out
and compare product functionality and to create a formal function representation that
would advance design meiths and lead to repeatable mod8R]. In 2002, Stone, Hirtz,
Szykman, Wood & McAdam$32], through funding from the NISTcollaborated to
review and reconcile the previous functional basis etfexteloped by NIST team$he
new reconciled functional basisesulting from the comparison and combination of the
NIST taxonomy andunctionalbasiswas called Reconciled Functional Basiown in
Table2-4 to Table2-6.

The reonciled flow set inTable2-4 contains three class primary flows: material,
signal and energy. The material level has five further specified secondary categories with
an expanded list of tertiary categories. The signal class has two further specified
secomlary categories with an expanded list of tertiary categories. The energy class has 13
further specified secondary categories with an expanded list of tertiary catefabés;

2-5 is a more specific breakdown of the Energy class.achieve more detail when

specifying product information, the power conjugate complements of effort and flow can
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be used32]. The reconciled functional basis taxonomy will be adogtedmodeling

systemsao f unesntthisbDRY Iresearthrwork.t u
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Table 2-4:

Functional basis reconciled flow sef32]

Class
(Primary) Secondary Tertiary Correspondents
Material Human Hand, foot, head
Gas Homogeneous
Incompressible, compressible,
Liquid homogeneous
Solid Object Rigid-body, elastiebody, widget
Particulate
Composite
Plasma
Mixture Gasgas
Liquid-liquid
Solid-solid Aggregate
Solid-Liquid
Liquid-Gas
Solid-Gas
Solid-Liquid-
Gas
Colloidal Aerosol
Signal Status Auditory Tone, word
Olfactory
Tactile Temperature, pressure, roughnes
Taste
Visual Position, displacement
Control Analog Oscillatory
Discree Binary
Energy Human
Acoustic
Biological
Chemical
Electrical
Electromagnetic Optical
Solar
Hydraulic
Magnetic
Rotational
Mechanical Translational
Pneumatic
Radioactive/Nucleal
Thermal
— overall increasing degree of specification
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Table 2-5: Power conjugate complements for the energy class of flo&2]

Class
(Primary) Secondary Tertiary Power conjugte complements
Effort analogy Flow analogy
Energy Effort Flow
Human Force Velocity
Acoustic Pressure Particle velocity
Biological Pressure Volumetric flow
Chemical Affinity Reaction rate
Electrical Electromotive force Current
Electromagnetic Effort Flow
Optical Intensity Velocity
Solar Intensity Velocity
Hydraulic Pressure Volumetric flow
Magnetomotive Magnetic flux
Magnetic force rate
Mechanical Effort Flow
Angular
Rotational Torque velocity
Transhtional Force Linear velocity
Pneumatic Pressure Mass flow
Radioactive/Nuclear Intensity Decay rate
Thermal Temperature Heat flow
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Table 2-6: Functional basis reconciled function sef32]

Correspondents

Isolate, sever, disjoin

Detach, isolate, release, sort, split, disconnect, subtract

Refine, filter, purify, percolate, strain, clear

Cut, drill, lathe, polish, sand

Diffuse, dispel, disperse, dissipate, diverge, scatter
Form entrance, allow, input, capture

Dispose, eject, emit, empty, remove, destroy, eliminate

Carly, deliver

Advance, lift, move

Conduct, convey

Direct, shift, steer, straighten, switch

Move, relocate

Spin, turn

Constrain, unfasten, unlock
Associate, connect

Assemble, fasten

Attach

Add, blend, coalesce, combine, pack
Enable, initiate, start, turan

Control, equalize, limit, maintain

Allow, open

Close, delay, inteupt

Adjust, modulate, clear, demodulate, invert, normalize, rectif
reset, scale, vary, modify

Amplify, enhance, magnify, multiply

Attenuate, dampen, reduce

Compact, compress, crush, pierce, deform, form

Prepare, adapt, treat

End, halt, pause, interrupt, restrain

Disable, turroff

Shield, insulate, protect, resist

Condense, create, decode, differentiate, digitize, encode,

evaporate, genate, integrate, liquefy, process, solidify, transfol
Accumulate

Capture, enclose

Absorb, consume, fill, reserve

Provide, replenish, retrieve

Feel, determine

Discern, peteive, recognize

Identify, locate

Announce, show, denote, record, register

Mark, time

Emit, expose, select

Compare, calculate, check
Steady

Constrain, hold, plag fix

Class
(Primary) Secondary Tertiary
Branch Separate
Divide
Extract
Remove
Distribute
Channel Import
Export
Transfer
Transport
Transmit
Guide
Translate
Rotate
Allow DOF
Connect Couple
Join
Link
Mix
Control Actuate
Magnitude Regulate
Increase
Decrease
Change
Increment
Decrement
Shape
Condition
Stop
Prevent
Inhibit
Convert Convert
Provision Store
Contain
Collect
Supply
Signal Sense
Detect
Measure
Indicate
Track
Display
Process
Support Stabilize
Secure
Position

Align, locate, orient

—

overall increasing degree of specification
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Function & Behavior Modeling

Karnopp and RosenberfB3] developed the foundation of behavlmased
representation with bond grap[&2]. Morten Lind [34] developed the Multilevel Flow
Modeling for the representation of goals and functions of complex process. prants
Lindds MFM, f un cdes aptast subsystepleg/ssneadnieving systemgoal.
Multilevel Flow Modeling represents a system as an artifact i.e. as amade
purposeful system. Plant functions are represented by a set of mass energy, activity and
information flow structures on several levels of abstraction. MEptasents a system
along two dimensions, functions goals and physical components. Functions in MFM
describe organizational aspects and not behavioral aspects of the [Sydtem

The Goal Tree Success Tree Master Plant Logicr@armg GTSTMLD) process,
developed by Modarref85] is a hybrid of a hieratical Goal Tree Success Tree and a
Master Logic DiagramWhile Goal Tress Success Tree represents the functionality of
system starting witfunctional objetive at the topMaster Logic Diagram represents the

interrelationship between the components of the systenkjigee2-4
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Figure 2-4: A combined GTST-MLD framework, Modarres & Cheon[36]

Modarreq35], [36] framework is a functional decomposition used to describe and
model complex physical systems in terms of objects, relationships, andegudlibugh
GTST diagramThe process views the functional hierarchy as the central backbone of the
system model d e s c r-time bahayioB6h all othey idraechigs san st at e

be defined with respect to their retat to the functional hierarchy, segure2-5.

22 -—

\ hierarchy | . hierarchy
shows the consequence

of loss or FOpr

use of functions

shows system parts
thai perform functions

Functional
hierarchy

shows finctions which
ariarin a Sysiem

shows the ways that N N
objective/condition

functions are realized

Behavioral Geal

| hierarchy | COﬂlelD!l
j hierarchy

Figure 2-5: Function-centered system description, Modarres & Cheof36]
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Modarres ad Cheon[36] demonstrated GTSTapabilities to capture system
dynamic behavior through conservation lawere potential behaviors (intended and
unintended) for a system in terms of the behavior of its sliftes consisten with
conservation laws, can be developed and used in functional modeling

Smith and Clarksoii37] developed a method that combines entihationship
diagrams to describe design concepts through functional decompositisnméthod
hierarchically describes the requirements those concepts satisfy; the description is then
analyzed for potential failures through: 1) aspects of the concept that would generate
detrimental effects, 2) aspects that would transfer that e&fied8) aspects that would be
affected. Smith and Clarksq@7/]adopt ed Rosenman & Ger o0s de
Behavior and Purposehey used what they referred to as Group Diagram or Entity
Relationship Diagram to represembgps graphicallyFigure2-6 shows a group diagram
for two entities;the authorsgraphically,presentedhe interrelationships between group
entities,seeFigure2-7. Figure2-8 shows a brake system contoalse studyleveloped by

Smith and Clarksof87].

Requirement 1 @ Property X1
Entity A } Entity B

Relationship X

Figure 2-6: Group Diagram [37]
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define...
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...constrain... ...become...

...maintain... to resolve..

Relationships | [ >

...resolve...

Figure 2-7: Group Entities and the links between them per Smith & Clarkson37]

Requirements
Allow driver to control braking mechanism (A, B, C, D, F. H. L K)
Activate brake lights when braking commences (B, C.E, G. L. J)

Relationships

A Cabin constrains and allows rotation G Actuator fived to Shaft
of Shaft H Pedal fived to Shaft

B Spring connects to and supported I Microswitch activates Brake Light
by Cabin 1 Actuator activates Microswitch

C Spring connects io Lever K Dnver aperates Pedal

D Lever fived to Shaft

E Microswitch fived to Cabin

F Lever controls Brake Valve

Group

Gabin }S—JI- Spring :;—f Lever +24 Snaft |

Brake Light 'LI—/'F & H
— .
Brake Valve #— |1 Microswitch ;| Actuator I Pedal
Drriver | K T

Figure 2-8: Brake System Control,developed by Smith & Clarkson[37]

Function & Behavior Modeling: Environment Perspective

Deng et al[38] expanded the functiebehaviorStructure model to include
environment representation based the concept of causal process description from
functional representation theof¥9] and Umeda et al physical phenomenon technique
of behavior representatidd0]; they[38] identified two kinds of relationships between

the design and its environmental elements: geometric relation and physical interaction.
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Geometric relation refers to the assembly or connection style between the design and its
environmental element®hysical interaction refers to the situation where the source
environmental elements provide input actions to the design and the design generates
output actions to target environmental elements. Deng @8&lfocused onmodelng

only intended behavidry usinginputoutput flow of actions to represent both the overall
intended behavior of the design, as well as any of itsbehlviors Behavior was
represented by a set of driving inputs (required physical interactions fsosoutrce
environment to the design), and a set of functional outputs (desired physical interactions

from the design to its target environment).

Function & Behavior Modeling, User Perspective

Operator interaction with an engineering system affects the itityaand
reliability of the system significantlyTrained and experienced users tend to efficiently
operate that system, prolong its life and have reasonable expectations about its
performance. Operator interaction with an engineering system representsf ahe
environmental inputs to that system; hence identifying these inputs is critical to the
performance operability and reliability of that system. Mitchelil] proposed an
Operator Functi on Mo daani ¢ ( QM) atnhadtyt ii co0.
representation requires that operators activities be modeled within the context of
changing system state and analytic representation is one that can be easily coded into
software and readily used to characterize the semamtius®er interface, operator aid or
tutor require§42]. The OFM is a hierarchic network of nodes connected together, where

nodes in the top specify the major operator functions and nodes at the bottom define
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operator actionsFigure 2-9 shows a generic OFM netwofld2]. Top functions are
decomposed into subfunctions and subfunctions are decomposed into tasks and tasks are
decomposed into actions. The number of subfunctions ieee OFM varies based on

the application. The arcs in the model connecting nodes at the same level represent
system triggering events or the successful completion of operator activity. Arcs can be
thought of as both preonditions and initiating eventslierarchically arcs often define

the expected temporal flow of control activity in a dynamic sy$éth

Figure 2-9: Generic OFM Network [42]

Assembly Interaction Modeling

Suhds Axiomatic Design methodol ogy has

through design matrixHis method, as discussednprovides a matrix presentation that
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links the sgtem components (design parameters vector) to design functions (functional
requirements vector); this representation provides the functional interrelationships

between the components but not the physical one.

&2 loploclpo 89

& % ! cp ! ¢¢ '/¢ o % Q Equation2-5

&g loplocloo %9

McAdams et al[14] presented a process to characterize the structural and flow

interactionsbetween artifacts in a product; the representation genevedsdcalled:
Aassembly model 0. They identified four typ
Position and Guide. Their proposed modeling process allows flow interactions to be
represented Their methodology recognizes two types of functionalities delivered by
artifacts within a system: conceptual functionality and supporting functionAlitiyacts
t hat are capabl e of directly solving the
model have conceptual functionalityartifacts that do not directly solve the main
functionality of the product but support the delivery of the conceptual functionality have
supporting functionality example to supporting functionality are threaded fasteners
Supporting functionalities are important enough that without them the overall product
functionality might not be achieved. The assembly model graphically depicts all
connections that exist between product artifacts and classifies each connection using
functional terms defined in the Functional Bg8i2]o Figure2-10 andFigure2-11 show
McAdams et al structural connection representations amdssembly model as an

example on how they get implemented to model flow and structural connections between

artifacts components of a vegetapéseler
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Couple
Secure

Position

>HO ¢

Guide

Figure 2-10: McAdams et al.[14] Assembly Model representation for structural connections,

see next figure for an example

(a) (b)

Figure 2: (a) The Dazey Vegetable Peeler was reverse engineered to produce the assembly model shown. (b) Assembly model con-
structed for the Dazev vegetable peeler. Boxes represent individual product artifacis. Energy flow interactions are represented by regu-
lar line connections, material flow interactions by bold lines, and signal flow interactions by dashed lines. The four symbols overlaid
on the flow connections represent the structural interactions (supporting functionality) between the connected artifacts.

Figure 2-11: Vegetable Peeler Assembly Modeks represented by McAdams et diL4];

Interactions between artifacts are denoted by lines: single weighted lines for
energy domain connections, bold lines for material domain connections, and dashed lines
for signal domain connections. The four structural type connections: couple,,secure

position and guide, have special symbols presented on the upper right side of the picture

2.2 Reliability Engineering
Reliability engineering is the science of designing products and processes to be

reliable [43] To ensure their neducts have sufficient level of reliability, modern
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engineering organizations assess the reliability of their new products during the design
phase (Reliability Prediction) and test it during the prototype validation and verification
phase (Reliability Tesg); Service and maintenance plans are also developedrfor
service products to prolong their lifeand reduce the customer dissatisfaction due to
failure incidents (Reliability Monitoring).

Most of the methodologies available for reliability assessrmeae originally
developed for electricalnd electronic systemsyifsuchsystemsit is relatively easier to
perform repetitive tests to produce many failure samples in a fairly short period of time
[44]. In contrast to electroa systemghere are usually no abrupt failures in mechanical
systemsfor which degradation processes leading to failure happen on a slower time scale
[44]. Due to the above mentioned definition and practices of reliability; diemce of
reliability engineering has been strongly tied to the statistics and probability theory.

In this section the available reliabiiguring designprocesses anftameworks

were reviewed and summarized.

2.2.1 Reliability Evaluation in Product Design Phase

Reliability of a product is directlyelatedto the probability of product failure
eventsas presented Hyquation2-6;

Yo p 00 Equation2-6

where;Y 0 k the reliablity of a product at a specific tim@&
"00 k the probability of failure at that time.

When failure analysisral prevention are coupled withr oduct 6 s desi gn
conception, potentially shorter design times and fewer redesigns are necesgarg &i ar

a final product desigf¥5]. Techniques used to improve reliability can be categorized as
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dataoriental and designeoriented methods. @aoriented methods are statistical and
make reliability a mathematical functionesligneroriented methods are not concerned
with calculating reliability, but with improving it by finding faults in the desi&7].
While methods like Fault Tree, Failure Modes and Effects Analysis (FMEA) can be used
during caceptual design, they are usually applied later when more detail of the
embodimentlesignis known[37].

Currently Failure Modes and Effect Analysis (FMEA), Fault Tree Analysis and
Fault Tree (FTA) and Failure Modes and EffeCisticality Analysis (FMECA) are the
most popular methods to identify the potential failure modes during the design phase of
engineered products. These methods identify the failure modes during the design phase
but do not provide a solution to how theldae risk can be managed. FMEA and FMECA
also do not provide failure analysis on the system level. Traditional FMEA needs a
systematic approach capable of capturing a wider range of failure modes, applicable early
in the design stagel6]. FTA (fault tree analysis) performs the reverse. It starts with an
undesirable top event and isolates possible causes at each successive lower level of the
hierarchy in order to establish the prime cause(s). FTA is more powerful in the s&nse th
it forces the designers to consider all the causes of unacceptable top [@végnts
However, the analysis is not pursued far enough, and the prime causes are not revealed
[48]. Although a weHacepted technique, large systdavel fault trees are oftedifficult
to understand, an build due to the complex logic involvédd]. The weakness of both
FMEA and FTA is that the basic sources of unacceptable behavior dammbntified

[48].
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Assessingand analyzingthe reliability of a system during the design conception
phase prolongs the desigturation but it produce initial reliability estimates and
highlights design parameters critical teeliability which can be improved and/or
optimized tosave more time and cost laten, during the product validation and
verification phase of the product development profEzjs [13], [14], [15].

When the above mentioned reliability assessment tools and processes are used in
concurrency with design tools, the processuld be called design for reliabilitfDFR).
According to MIL-HDBK-338B [50]: Design for reliability is the process of selecting a
part or material and applying it in such a manner that results in high reliability under the
worst case actual use conditions. Such an effort requires a structureddpguring the
part selection and design process. This process simmllde:

1) Definition of operating environments

2) Establishment of lifetime requirements

3) Use of reliability models to estimate lifetime under use conditions
4) Estimates of reliability durinthe useful life

5) Stress derating

6) Analysis and design modifications to ensure robustness

Dieter and Schmidi9] summarized the steger integratingreliability in design
as shown inTable 2-7; the design for reliability process starts at the conceptual design

and continues to productiomé data feedback during service.
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Table 2-7: Reliability activities throughout design, production andservice[9]

Design Stage Design Activity

Conceptual design Problem definition:
Estimate reliability requirement
Determine likely service environment

Embodiment design Configuration design:
Investigateredundancy
Provide accessibility for maintenance
Parametric Design:
Select highly reliable components
Build and test physical and computer prototyg
Full environment tests
Establish failure mode§/MEA
Estimate MTBF
User trials/modifications

Detail design Produce & test preproduction prototypes
Final estimate of reliability

Production Production models:
Further environment tests
Establish quality assurance program

Service Deliverto customer:
Feedback field failures and MTBFs to designe
Repair and replace
Retirement from service
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Functional Design and Reliability Assessment

A reliability method that is specifically tailored to conceptual design and is
commensurate with the type of information available during conceptual design would be
valuable as an effective means of augmenting the set of tools available to the designer
[51] [37]. Conceptual redibility is concerned with the reduction of conceptual failures,
failures committed to during conceptual design; i.e. less design effort will be necessary to
ensur e reliability during t he detail ed S
conceptually reable.[37].

Reliability of a system has always been related to probability of failure and the
failure rate of its subsystems and components. Tumer and $5@pedeveloped
theoretical foundations foa matrixbased approach to derive similarities that exist
between different failure modes, by mapping system failures to functionality of each
systemcomponent. The functiefailure method is proposed to design new products with
solutions for functionshiat eliminate or reduce the potential of a failure mode. Their
method builds on the knowledge developed about a product through functionality
modeling and links failure modes to system -fwictions. The method helps when
designing or redesigning componemr subfunctions for a system by offering failure
modes to guard against during the design phase. According to Tumer and4Sfone
components have a fAcommonalityo they shar
functionaliy and failure modes,his basic level of commonality is explored by
decomposing the knowledge about functionality and failures via matrix manipulations.

Smith and Clarksofi37] developed a method that combines enthationsip

diagrams, see sectidd)) to describe design concepts with functional decomposition
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describe the requirements those concepts satisfy. The description is then afalyzed
potential failures through

1. agects of the concept that would generate detrimental effects
2. aspects that would transfer that effect
3. aspects that would be affected

The conceptual reliability methody Smith and Clarksorj37] consists of a
representation andnalysis method. The representation provides the designer with a
language to describe the commitments made by the concept under afdlgsamalysis
method allows thedescription to be analyzed so as to reveal potential reliability
problems. Smith and Qfeson [37] categorized two types of conceptual failures:
functional erors and behavioral errorssgeFigure 2-12). Functional errors occur when
the functomc hosen do not f ulsé& behavioral érrers gccuowhenc t 6 s
the behavior realized does not fulfill the associated product function. According to Smith
and Clarkson[37] functional error occurs when the functional specification or
requirements developearfthe product do not address the whole problem; behavioral
error occurs when the detailed design fails to accomplish one of its functions due to
inadaequate product performang87]. This categorization of error looks at congence,
and not concerned with its caugdter the design has been described as a group, it can
be analyzed to determine how its conceptual reliability can be improved; potential
failures arealsorevealed and if theareserious, then an attempt is madeeliminate

them[37].
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Figure 2-12: Functional and behavioral failure per Smith and Clarkson[37]

This method is similar to the functional desigethod[11] that analyzethe flow
of energy, material and information to determine the extent to which this transfer could
generate detrimental effactThe distinction between the two approachseselated tahe
method by which the design is represented. Smith and ClarH8adih method uses
relationships thatd o e snnebetd t r ansf er s, w h[él] &umscsonalP a h |
modeling relationshipsare based on energy, tedals and information transfer
Additionally, Smith and Clarksof87] method emphasizes the interrelationships between
requirements and design concepts, as well as thdogewvent of requirements, while
these are only implitiin the transfeoriented functional methodg37]. Smith and
Clarkson[37] concluded that they developed a method to describe the design through a
language used to represent a concept and a siamallysis technique applied to the
representatiorin orderto reveal potential reliability issues. They concluded that the
method is limited by its bias towards conceptual design and the language used to describe
the concepts. Although the method has a @egf formality, itstill reileson user s 6
understanding of the design concept and therefore not considered doitalbblmation.

Ormon et al.[53] developed a generic simulation model for predicting system
reliability without knowing the exact failure rate for the components in the syshem;
simulation model estimates mission reliability, average time to failure for the system, and

average mission castriangular distribution parameters for components with unknown
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failure rates, mission lengtland component and mission costsre usedThe process is
similar to conventional reliability assessment tools; it uses minimum, maximum and most
likely value for failure rate probabilityA triangular probability distribution is esl where
probability of failure is zero at minimum and maximum possible values and 50% at the
most likely failure rate. Ormon et 4] elaborated on their simulation based model and
included an analytical solution. They prded three general procedure; using both
simulation and analytic solution techniques for predicting system reliability and average

mission cost; the three solution options are:

1 Simulationbased:

1. Component level simulation analysis: this method assessésiltire
rate and time to failure for components that do not have known failure
rates using inverse transformation metftefel;

2. Subsystem level simulation analysis: If the failure rate for a subsystem
is known or has been geagd from the triangular probability density
function, then subsystem reliability can be computed directly

1 Analyticatbased

1. Analytic prediction model: The analytic solution is achieved by
modeling the system at the subsystem level, and using conditional
probability when the subsystem failure rate is unknowiAD#& of the
failure rate for components in subsystem could be established using
the triangular distribution of the minimum, mode and maximum
estimates on the failure rate from expert assessment.

Ormon et al[54] conclude, théianalytic approach is superior to the simulation
based prediction model so
Tumer et al.[56] introduced a systefievel reliability analysis method for

assessing the depaability of alternative conceptual design architectures. The method
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enables the analysis of criticality and sensitivity of components to systemn
requirements Based on component connections and their failure probability; they
developed a directed negsentation called Configuration Graph (CG); ytheade
following assumptions for their method:

1. component fails independentty each other

2. inputs of any components are from different sources

3. the function provided by a component fails if any of its inpatks for the
component fails

4. the function of a serial connector fails if any of its inputs fails

5. the function of a parallel connector fails if all its inputs fail

A component fails to function correctly either because it has failed or because it
has an inputhat has failed; their system modeliff6] approach is similar to several
existing reliability modeling techniques, like FTA and RBD, but differ in the technique
used, while FTA and RBD are hierarchical in their strugtGfg is an acyclic graph that
defines the component connectivity from sources to sinks. There was no clear definition
to what is a source or a sink in their framework. Their methodology did not specify the
source of connectivity between components; they hasexl electrical power system
schematic to develop the interrelationship between components without mentioning
whether the schematic is a functional, behavioral or physieaysics of failure
representation anodeling does not exist in this method

Avontuur & Werff [15] developed an automated reliability analysis method
during the conceptual design phase of drive trains used in infrastructure works such as
movable bridges, lock gates and storm surge barriers; what they cedsedeonceptual

phase would include high level of embodiment design in a CAD environmeigt. Th
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automated technique relies on finite element equations for the analysis of structures.
Their process decomposes the drive train into two main functiongingatoads and
executing motionFinite elements theory was adapted to describe these two functions
The functionficarrying loadis expressed through the following equations sys{ésis

$ A 0

Equation2-7
where Qrepresents the external loads ahthe internal element stressesieTfunction
fiexecuting motioais expressed with the following equations sysf&5j:

L $32 Equation2-8
whered represents the nodal displacementiatite element deformation.

A zero element stress represents a failure mode for an element that might fail to
fulfill the function carrying load becae it is broken. A zero element deformation
represents a failure mode of an element that might fail to fulfill the function executing
motion if it is blocked;The vectorA  Ttrepresents the prescribed elemental stresses of

the failed elements.

Equation2-9
$ , n$ D
$ o m$ 0 Equation2-10
The matrices A and A j are submatrices of A

corresponding with failing deformations, that are prescribed to be [A&jo The

formulation presented above was used by Avontuur & W&H] to express the failure
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state of the drive train system components; i.e. when it is not possible to find a
permissible stress distributiofi, or kinematical permissible displacement fiéld the
combinationof failing components is a failure mode. All failure modes are found by
trying all combinations; the structure fails, when the above system of equations cannot be
solved for the prescribed loads and displacements, an unsolvable set of equations is the
mathematical representation of a failing drive trfli®]. The theory presented above was
implemented by Avontuur & Werff to in an algorithm that finds the minimal cut sets of a
fault tree by trying all combinations of failing elemtal deformations and stresses; they

[15] also outlined the following design steps for their process algorithm:

1. The designer creates design concepts and defines functions of the structure

2. He decomposes these functions into lthsic functions carrying load and
executing motion

3. The software helps the designer to build a component model of the design
concepts; for each function a separate model is necessary.

4. The software translated the component model into a finite element model,
generates the minimal cut sets of the fault tress and quantifies the fault
tree.

Avontuur & Werff [15] process could work at a design phase where component
failure modes and rates were identified; the process allows the disioroé creating
fault tree cut sets

The Master Logic Diagram section of the GFBILD framework presented by
Modarres [35], (in section 0), shows the interrelationships amotige independent
functions (or systems) and the indegient support functions, the MLD, in success space,
can show the manner in which various functions, subfunctions and hardware interact to

achieve the overall system objective, on the other hand, an MLfai(ure space) can
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show the logical representation of the causes for failure of functions (or systems). The
MLD (in success or failure space) can easily map the propagation of the effect of failure,
i.e. establish the trajectories of event failure pgap@n. The analysis of the MLD is
straightforward; using a combinatorial approach or Boolean reduction method one can
provide an assessment to system relialii#], similar to the typical Fault Tree Analysis
method. The debility process of GTSAMLD is limited to static reliability, reliability is

not presented as a function in time; the

of failure model or prime causal representation.

Axiomatic Design and Reliability Assesment

Trewn and Yang[58] developed a procedure to assesstem functional
reliability; they defined functional reliability as the likelihood of successfully providing
necessary functions that a system or a component isleden deliverTher intent was
to lay the foundatiamfor reliability improvement in the concel designphase Trewn
and Yang procedure is based on leveraging the Axiomatic Design approach to map
functional requirements {FRs} to {DPs} through the etjoi

£20! $00 Equation2-11
where: / k Design matrix that maps functional requirements to design parameters

Trewn and Yan@g@xpandedEquation2-11to:

&20! $00!/3" 33 $ 33 Equation2-12

where: / k Design matrix that maps functional requirements to design parameters
B k Design matrix that maps components to design parameters;
@ k element of the mair [B] that maps the kth component to the jth design
parameter. The elemenk s binary, O = no relationship and 1 = related
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S Sk component space vector
D A JB k Design matrix that maps FRs to components space vector

Trewn and Yang[58] defined system functional reliabilityby the following

equation

~

Y v "OY Equation2-13

where:0 "O'Y is the probability thalO'Yis successfully davered and

v "OY p v Equation2-14

where’Q k entry of D matrix in ith row and kth column
0 k failure probability of component k

Trewn and Yand58] concluded that the system functional reliability would be

represented through the following model:

Y p v Equation2-15

wherelY [ the reliability of the subfunction under assessment

Trewn and Yang[58] procedure provides a good organizasibframework,
especially for multifunctional systemso represent the system components and their
contribution indelivering the required system functions. The process is limited to series
system and does not have a behavioral or PoF representation.

Citti et al.[59], by leveraging the knowledge developed about a system through
the Axiomaic Design method, developed what they called an Axiomatic Design for

Reliability processThe process follows a functional and physiegstembreakdown to
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identify all subsystems and element componeBis doing a reliability estimation to
elementary comgnentsthey can buildwhat they called a Reliability MatrixCitti et al
[59] defined Reliability Matrix as a matrix that couples FRs and DPs through the
reliability of components to achieve the FRs. To findibetach of theReliability Matrix
el ements would ,ae qgaesfiRonowoal dOveed to b
probability of satisfying the function {(FR)) depend on the reliability of the component |
(DR) 2 oY shows the reliability value of the compent(j) in relation to the function
@i).
£&202 $00 Equation2-16

where [R] is the reliability matrix.

The contribution of each component to the reliability function can be assessed for

eachrow(ngl ecting the A00s) through the equat:.

Y Y Equation2-17

Y P p Y Equation2-18

Citti et al. mentioed that the ReliabilityMatrix [R] should capture all the
correlations that existed in the Design Matrix [A] beside other correlations that reflects
the reliability interrelationships between FRs and DPs; that is, because the failure of a
component, even when it is not direcihyolved in performing a function may prevent
that function from being achievefb9]. Citti et al [59] representation provides a

qualitative and quantitative representation to the reliability of design space; the
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procedure separatdghe design domain from the reliability performandeleverags
expertds knowl edge t o biteloes hoopoovide la systematici a b i |

metlodology to map the design mattixthe reliability matrix

2.3 Mechanical Systems Failure Models and Damage Theory

In context ofengineeredsystem usagdailures are the resulff the existence of
source challeges and conditions occurring in a particular scenario, the system has an
inherent capacity to withstand sudhallenges, which capacity may be reduced by
specific internal or external conditions; when challenges surpass the capacity of the
system, a failure may occ{b7]. Many failure models that addretsss perspective exist
Pett and Dashgupt@®0] summarized them in the list below:

1 StressStrengthModel for this model, an item would fail if and only if the
challenge (i.e stress) exceeds the capacity (i.e. streragthgxample to
this model is thegielding of a steel bar when its exposed to tensile loading
and a transistor with voltage applied across the enuttiéctor.

1 DamageEndurance Modet for this model the challenge (i.e. stress)
causes damage that accumulates irreversibly. The aggregatellehges
and external conditions leads to the metric represented as cumulative
damage. The item fails when and only when the cumulative damage
exceeds the item damage endurarides is the most suitable framework
to model mechanicalfailure modes (Table 3-1) such as mechanical
fatigue, corrosion, wear, and metal embrittlement

1 ChallengeResponsévModel for this model a system element would fail
t he system when it dés chall enged (n
regponse (requirement) expected; an example to this model is the
emergency brake of a car, telephone switching and most computer

software failures.
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1 ToleranceRequirementsModet for this model system performance
characteristic is satisfactory if and only if fails within acceptable
tolerance limits Example of this is a copier machine and instrument where
gradual degradation eventually results in a user deciding that performance
quality is unacceptable

The DamageEndurance Modd explicitly highlights the pocess of system

degradatiordue to usag®ver time. With some modifications, the Str&tsength and
ChallengeResponse models, as related to mechanical systems, can be absorbed in this
model. The ToleraneRequirement Model is a system level failure maaled unique as
related to PoF approach; the Tolerafgelurance Model is not in the focus of this
research.

The word degradation and damagedaometimesbeensynonymouslyused in
the literature of failure modeling with degradation seen amabservableabstract that
triggers failure upon hitting a threshoéhd with the observables such as crack growth
seen as manifestations of damage, Singpunj@llhproposed a generalized framework
that treats the former as the cumulativazard and the latter as a covariate or a marker
that influences the former; considering that the covariates and markers are influential
variables that arprecursordo failure Markers are often a function of time and as such
are best described by stastic process models, namely by marker processes.

Degradation is regarded as the irreversible accumulation of damage throughout
life that ultimately leads to failurg2]. Whereas the term Adamage:
it is claimed that damage manifests as corrosion, cratiksical wear (i.e. the depletion
of material), et¢61]. Degradation and damage are abstracstroos, used to predict the
life of engineered systems.
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Consideringthe proess of fatigue damage accumulation, sevetahulative
fatigue damage modelexist. PalmegrarMiner damage theoris a linear damage rule
(LDR) and the most papar due to its simplified liearity where the accumulated damage

ismodeledas©O B¢ jO whereOdenotes the damage ahdand( are the applied

cyclesand the total cycles to failuréhe main deficiencywith LDR are its load feel
independence, load sequence independence and lack of loadtimteeacountability

[63]. To remedy the deficiencies associated with LDM¢chart and Newmark64]
introduced the concept of damage curver (@agram), i £j 0 , and speculated that

the Dr curves ought to be different at different stress levels; Marco and Stgkey

used the Er curve to propose the first nonlinear ledependent damage theory
represented by a power relationsfip, Bi  wherew is a variable quantity related to

the ith |l oading | evel; Mi n e rwithsw rpu@nehe i s a
other hand the concept of change in endurance limit due to prestress exerted an
important influence on subsequent cunivia fatigue damage researf3]. Kommers

[66] and Bennet{67] further investigated the effect of fatigue prestressing on endurance
properties using a twlevel step lading method; their experimental results suggested
that the reduction in endurance strength should be used as a damage measure but they did
not correlate this damage parameter to the life fra¢68h this kind of correlatiorwas

first deduced by Henry68] and later by Gatt$69] [70] and Bluhm[71]. All of the

damage models based on endurance limit reduct®namlinear and able to account for

the load sequence effecNone of these models however take into account load

interaction effect$63]. Fatemi and Yan§3] summarized more than 50 fatigue damag
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model s proposed since Pal mgren damage accu
introduced; they highlighted six major categories in cumulative fatigue damage modeling
exist:

Linear damage evolution and linear summation

Nonlinear damage curve and t8tage linearization approaches
Life curve modifications to account for load interactions
Approaches based on crack growth concept

Models based on Continm Damage Mechanics (CDM)

2 i o

Energybased methods

The applicability of each model varies from case to casms€quently, the

PalmegrerMiner LDR is still dominantly used in design, inspite of its shortcomj6gdk

2.4 Summary of Reliability Integration within Design Processs

In this section, design methodologies were reviewed with neamphasis on
Systematic Design and Axiomatic Design. Systematic design methodology presents a
streamlineddesign process; it explicitly identifies the phases of design going from:
conceptual, embodiment to detailed design; its use for functional strugjweeghe
design a graphical representation and a structure to study the flow of energy, material and
signal to visualize how the design main function is delivered. On the other hand
Axiomatic designis concerned with the design as an entity and how thigtly ecan
optimally be designed; ithas the capability to develop a naive mathematical
representation to realize the interrelationships between functional requirements and
design parameters.

Developing a design integrated reliability process has beerotius for many
who areworking in thedesign and reliability engineeririgelds. Reliability isone ofthe
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design process goals;other goals like: safety, manufacturability, maintenance
qualityé etc. also require focus to meet the customer expectationgaXtreomy of the

design research although precise to describe the design contextual entities yet generic to
capture those mentioned goalde literature reviewof designintegratedmechanistie
basedeliability engineering methodgveals the following

1) The physicsbased (or mechanistlwased) reliability models have proven
to be the most comprehensive representation, capable of bringing many
influential factors into the life and reliability models of the components
[44].

2) History search into the design representation and its usage in reliability
modeling revealed that functional representation is the dominating design
representation methodology; behavioral modeling and a mechanistic
integrated design process does not existTabée2-8.

3) Direct assembly representation and reliability integrated process that
captures the physical interactions or interrelationships between
components does not exist either, Sable2-8.

Table 2-8 shows asummary list of available design integrated reliability
assessment processes. Titaeneworkdeveloped through this research intends to bridge

the gaps recognized 1§®) and(3) above.
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Table 2-8: Summary of available design integrated reliability methods; Ormon et a[54]
; Modarres [35] [36] ; Trewn and Yang [58] ; Citi et al [59] ;

; Avontuur & Werff [15], Smith and Clarkson[37] ; Tumer et al [47]

Process Functional Behavior Operation Assembly Physical Description [Relationship Applications to Comments
Representation Representation |Representation Representation (PoF) between PDP
components
Single Mission, Finite - - - -
= Duration Simulation-based and analytical guantitative reliability 3ssessment
=2 2 Logical; Independent System level assessment
g Ormon etal Mo No Nonrepairable No No s P Conceptual Design v _
& _ﬂ Exponantial Series &Parallel System is a number of subsystems connected in-series
s 2 R Subsystems are components that are connected in-series or parallel (active or stand-by redundancy)
o Distribution !
2«
- Quantitative relizbility assessment
E i Avontuur & Werff limited system Logical; Independent their software algorithm was not completely presented
= No No functional cperations |No No Series & Parallel Conceptual Design Domain specific [drive train systems)
Entity-Relationshi No No No No structural ualitative reliability assessment
ety P Limited Application to Conceptuzl |- L
Diagrams N A System level assessment
. Design, it needs relationships N R R
[Smith and Clarkson X ) Dasign functional representation and analysis framawerk
between entities to be defined on - ! i
. Relationships are defined based on the users’ understanding of the design concept
the physical level R i N
Does not provide a quantitative measure of reliabil ity
Quantitative reliability assessment
System level assessment
Tumer etal. system schematic compenent connectivity from sources to sinks
representation is used lacks details
Configuration Graph |No to develop CG Mo Mo did not specify Conceptual Design Domain specific (electrical power systems)
single system objective Qualitative and quantitative reliability assessment,
hierarchical Physically Independent support functions [subsystams)
representation
functional path Conceptual Design
Maodarres GTST-MLD No dependent Ho Ho Logical representation |Embodiment Design
=ystem design and indirect connections if
reliability matrix could |indirect the same function is
be creatad to representation performed by mare than
represent how the through design matrix, One component; Multi-Functional Representation
through functional system perform nointeraction Independent logical Conceptual Design Functions in Series
Trewn and Yang decompasition No different operstions | representation Mo ralstionship Design Static Reliability
indirect connections if
indirect the same function iz
representation performed by maore than Multi-Functional Representation
subjective mzppingof |through design matrix, one companent; Functions in Serizs
through functional design matrixto no interaction Independent logical Conceptual Design Static Reliability
Citi etal decomposition No reliability matrix representation Mo r i Design Expert's Knowledge Leveraged to map design matrix to reliability matrix
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Chapter 3T he Me c RBaansiesdt, i-Ichhd iggmat e d

Reliability Validation Process

The main goal of thisresearch is to develop a cohesidesignintegrated
reliability assessment framework that captures the causes and mechanisms affecting the
failure behavio of mechanical systemdhis framework consists of many models that
captureswhat the system ishow it delivers desigsintendedoperationswhat physics
basedmechanism causeits failure; andhow componentdailure propagates through the
systemto caug system failure The framework consiss of a set of causal models
connected together to allow theliability of mechanical systesto be assessed atol
understandsystem elementand design parametetBat has significant impact on the
designoperationareliability.

According to Pead72] a causal model is a pair 0Oh—Q consisting of a causal
structureO and a set of parameters compatible withO. The parameters— assign a
function "QRGOM to eachd N @ and a probability measure 6 to eacho
where 00 are the parents ofd in ‘O and where eacfY is a random disturbance
distributed according td 0 independently of all othed. In this thesis frameork, the
failure causal structure for the mechanical system comporfieation 3.2) is aset of
damagemodels $ that capure the setof mechanical stresseproduct usage, material
properties¢ etc. — causingcomponents to failOn thesystem levelsection3.3), the
causal structure is a set of relationy | "EW 1 "EWA T i} "Ethat organize system
damage behavior throughprior knowledge about the syst&perations, functions and

componentsdeveloped from a descriptive model (secti®d). The basic kowledge
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needed about the system is relatedatbat componentparticipatein deliveringsystem
operations how components collaborate to deliverose operations;what failure
mechanisms affect components ahdw componentsfailure propagatethrough the
systemto cause its failureThis knowledgas accumulated to assess system operational
reliability. This thesis is attempting to maximize the value of available relevant
information about the system to assess its reliab#étyattempt to refledhe mechanistic
methodology on system availabilitymodeling (section 3.4) is also presentedand
demonstrated

Figure 3-1 shows a simplified flowchart of the mechanistic desighability
process; the process elaborates and links each of the modules necessary to assess systems
reliability. The following sections wilpresenthe mathematical mode&dthe process
besids demonstrating how MDRYV can be implementesihg a simplifed example

The main focus of thisesearch will be omodelingdegradatiortype mechanical
failures. Mechanical failures are defined by Collj#a8] as any change in size, shape, or
material properties of a structure, machime, machine component that renders it
incapable of satisfactorily performing its intended function. Tumer and J&2le
presented &st of mechanical failure modes adopted from Col[ir3] (outlined inTable
3-1). The categories highlighted in red coloold fonts are degradation type failure

modes
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Recognize "What" comp are |
affected by operations delivery ‘

Customer Material
. . ' ! Usage Property
Design related inputs affecting product degradation: Database Database

Stress Agents, Geometry Paramelers ...elc

Failure
Mechanisms
Damage
Models

= m omponent Damage Model ‘ tem Failure Expert
ﬂ”:F’W the system Ci damage function: "what" failure mechanisms are
elivers operations “How" components fail involved?

,-‘COEI:}LIT% Component: pdf(t), CDF(t), R(t)

| System Damage Model ‘

| System damage function

System
(TTF}

system: pdfit), CDF(t), R(t) ’

Figure 3-1: Mechanistic reliability: process outline



Table 3-1: Mechanical Failure Modes, Tumer & Stone's[52] adopted from Collins [73]; red
color categories are degradation type failures

Main Category Sub Main Category Sub
Elastic force induced fracture
Deformation | temperature induce | deformation

—— mpact
Yielding wear
Brinnelling fretting
Ductile rupture fatigue
Brittle fracture Fretting wear
high-cycle corrosion
low-cycle Creep
thermal Thermal relaxation
Fatigue surface Stress rupture
impact Thermal shock
corrosion Galling and seizure
fretting Spalling
direct chemical
attack Radiation damage
galvanic Buckling
pitting Creep buckling
intergranular Stresscorrosion
Corrosion selective leaching Corrosion wear
erosion Corrosion fatigue
cavitation Creep and fatigue
hydrogen damage
biological
stress
adhesive
abrasive
corrosive
Wear surface fatigue
deformation
impact
fretting
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The context ofMDRYV is the design reliability of a system of components,
primarily affected by physicsbased failures where physibased degradation can
mathematically be modeled; given sufficient knowledge about system usage and system
conponent s0 mat er i al s adoptsth systens levgl perspectivetesthe MD R

design entity; e definitionssummarized byrable3-2 areadopted for this research

Table 3-2: MDRYV important definitions

Term Technical definitions in context of MDRV

The probability that a system design delivers its intended operatig
Reliability | over a period of time without physitmsed failures under some
specified conditionsf use

Discretization to customer usage for the system; also represents t
primary need and requirement expected from the sysSauncturally:
Operation | an operation is set of system functions organizeddssignintentto
deliver customer nesdOpeations are the primary system purpose
and what the system éxpected to delivan MDRV.

The primary building block of an operation; the lowest level of a
system functional structure.

Physical entity that is characterized by speghgsical properties ang
capable of delivering at least one required function.

The response of a system component when it receives stirilulin
Behavior | reliability context we are concerned wHailure Behavior the
degraddbn response of the system when it receives stress stimuli
Design description represents
relationshipg26].

Emergent, time dependesystemproperty caused by system usage
Failure | and consumption of material capacityleads to system being
incapable of delivering intended operations

A marker, measures the depleting of material capacitggiststimuli
effects;when it reaches@D%the materialeaches failure state

Function

Component

Structure

Damage

Degradation Damage increase rate

Mechanically determined; in context of MDRV: a design aspect th

Mechanistic : .
emerges from design synthesis.
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3.1 System Synthesis

3.1.1 System Structure Representation: Recognizing Operations, Functions

and Components Coupling Redtionships

A functional structure, such as the one showRigure 3-2, is normally the first
developed system representation. The main goal of the system is to deliver specific set of

operationswhich are the main goal fortheemp onent s6 functi ons t o

Operations/ Functions Organization

An operation in this mechanistic frameworks a set of required functions that
achieve system goals. An operation paltighlights the set of required functions that
achieve operationsnia system functional structurjgure 3-3 shows two operations

paths on a system functional structure.

i

Fs3 Fs —

Figure 3-2: Example of asystemfunctional structure
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Figure 3-3: Operations paths demonstratedon a system functional structure

Operationgpathrecognitionon functional structures important toassessinghe
system expected life; it provides the basic initial knowledge tmgmize system
components degraded by etloperationsidentified. Operations and functions can
symbolically be organizetly vector sex: U and "O respectively assuming a linear
descriptive modelEquation 3-1 below organizes the relationship between these two
vector spacesk 3 is the Functioa Order Matrix

0 F3 O Equation3-1
where: 0 k vector representation of system operations

"O k vector represntation of all system functions

Fgk & ¢ matrix; Functios Order Matrix & is number of system

operations and¢ is number of system functions
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] H o6 8 0, O
v 10 6 8 6., O
€ 18 & E &, 8 Equation3-2
v w 0 8 5y ©
0O o0 8 0
rvn o 8 [ Il
10 (0] 2 0 p .
F 18 & g & Equation3-3
w o0 o U
v 0 O Equation3-4

where:0 k order factors recognizingO relationsto0 ;T 0  p;
"Ok symbolic function representation

0 k symbolic operation representation

0 isunity when representing strong impaand equals zero when representing

nonexistent impacfrom function "O on the relevant operatio

The summation procespresented byEquation 3-5 is a representation to
functional accumulation to realize the intended operation.

6 8 O 6 O 6 O E &6 O Equation3-5

Equation3-5 identifies thefunctions associated in delivering operatian ; the
equation defines operatio® as an accumation of the mentioned functions with the
associated order factors. Thiso d e | d oes no6tih b vt cpematioraib 0 Ut
delivered; it only informs aboutfi w h aftingtions are associated with delivering

operation 0
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Using the functional structur@resented inFigure 3-3, Equation 3-6 is a
functional order representation Fagure 3-2 system;showingfor instance operation
to be an accumulation of a set of funcofORORO with coupling factors® B D

respectively.

» Equation3-6

Functions/Components Coupling

After system components are ideietif, an assembly representati@mithout
joints) can be developed. Components at tthesign stage are functional tasks that
designedphysical entities deliver to satisfy their functional requirememssuming a
linear coupling model, hie relationship between functions and components can be

organized using the following representation;

vz

OC 3 F O Equation3-7

where, "O k vector representation of system functions;

0° k vector representation of system componeotsnponents are considered
functional taskst this desigrstage.

3 Fk € 1 matrix; FunctiorRComponent Coupling Matrix, for the first realized
system physical representation, i.e. for first design iteratidn;is number of system
functions andn is number of system components

Expandingequation3-7:

Equation3-8

oc mpyoc oc

~
en
.

0O O

o,

10 (0]
1F 18 &

w o oV
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O 6 6 Equation3-9

where:60 k coupling factordbetweercomponentd to function O N 6 P;

"Ok symbolic function representation

0" k symbolic componemnepresentation

6 equals unity when representing strong coupling (hard coupling) and equals

zero when representing nonexistent coupling between compaiientand the relevant
functions "O .

Equation3-9 is a representation the set ocomponents associated in delivering
the function "O. It defines operation O as an accumulation of the mentioned
componentsd®  tasks with associated coupling factors.

Figure3-4 showsan assembly representatitnthe set of components designed to
satisfy the functions identified ifigure 3-3; At this design stagehe physical joints

connecting these componestdl have not been designed yet.

—_—— e ——

O
]
O ’
IS
O
>
E
-~

Q]
w
@]
w

Figure 3-4: First component assembly structure to be realized
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Using the assembly structure presente#figure 3-4; Equation3-10 captureghe
systemcoupling representatiabetween functions and componeanshows for instance
operation"O to be an accumulation of a set of componeiit$ tasks; with coupling

factors 6 M5 respectively.

,0
IPe 1P
K = P
O 9 m T 711 m T 1 T[I,r l'o .
|’|:‘O|"u VT 0 ':r[ T Tt TT TT N 6 Ly
~On 1m0 mo nmomn T ”0 Cp Equation3-10
O I T 1T O n 0 O ot
N 5 (pro e
¢vOf Umg m 1w m mu T o1 o0 U, " .
Lo IF
wo o

Operations/Components Functional Coupling

The first coupling relationship between system operations and system consponent
F F, can be realized through the multiplication pf from Equation3-3 and3 F

from Equation3-7; the coupling system is presentedHnyuation3-11

6 Fp 0
Equation3-11
FF Fa 3 F

where: |= Fk & 1 matrix; OperatiorComponent Coupling Matrix for the first
realizedsystem physical representations is number of system operations any is
number of system components

|= F recognizes the operatie requirements based on functional demand on

components.
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>

oy 8 1]
|= It — 8\ —n
F < = E . Equation3-12
e é g &n
= — — U
where: — B 0 6 are operatingomponents coupling factors; coupling
operation 0 to set of component®® N — p.
The coupling factors — are direct coupling between opeoats and

components tasks which in turn realize system required functions; the effect of
components interactions and influence on each other is not taken into abydhrg

system representation.

Equation3-13

Equation

314
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Equation
6 6 o6 6 E 6 6 6° E 315

Considering the system representedFyure 3-2, Figure 3-3 andFigure 3-4; by

symbolically multiplying |==| , from Equation3-6 and 5 ¢ , from Equation3-10 we ca

measure F g as shown ifEquation3-16.

|=6(’566n'c‘)é')naéa(jnEquation
F “ " “ W o P o 3 “ 3

3-16

Based on the matrix system presentedBoyation 3-16 we can conclude the

following:

1. looking horizontally at f F  matrix: the set of components:
6° M* B* B* B* is coupled to opetmn-1, U hand the set of
components:6* M MB* B* B* is coupled to operatiel, ¥

2. looking vertically at |= F matrix: compnentl, 6 for instance is
involved in delivering two operation®) h  while componen®, 6
is involved in delivering just one operatioi

3. looking at |= F matrix we can recognize that the set of components:
6° * represents a subsystem because each have the same functional
coupling parameter & and the set of component®® H* hH*

represents a subsystem because each have the same functional coupling
parametero
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As the design process progresses to system embodiment phase, the system starts
to have &3D designform; and joints connestg components together geéveloped by
the end of this process, an assembly struatepeesentatiorfil4] can be developed as
shown byFigure 3-5. The joints that connect these component might have physical form
and might need to be included in the set of components influencing the performance of
the systemThat would led to updating |= F , for simplicity, at this point, the set of
components will not be updated.

& couec

. Secure
. Position

e

Figure 3-5: Assembly structure of the functional system presented iRigure 3-3

Components Interaction within System Boundaries

Interactions between components need to be recognized to understand their
influence on each otheif components are icturally linked to each othett, is likely
that they will be transfeing stresses to each other when they contribute to system
operatios; those stressesecognizedshould be relevant tofailure mechanisms being
addressed to beonsidered modeled and analyzed for their influence on system

reliability.
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Assuming a linearnteraction model, hie first realized interaction relationship
between components can be realized through the system presegigulitipn3-17; this
interaction matrix is based on system functional demand and response between
components; the system designer should decide on including or excluding some of these
interacions based on possibility of generatimpecessarytimuli betweencompoents;
the system designer might decide to merge some of the infeisgsther to reduce the
number of parameters tee managd; for example if two components are neighbouring
each other and sending or receiving system functional requirements to each other, their
interactions can be merged into one interaction factor; these two influences,
neighbarrhood and functional demand, can also be seperated into two interaction

matrices and managed independently.

vz

0 L9 Equation3-17
where, 6° k vector representation of system components; components as functional
tasks.

0 k vector representation of all system componentsmponents are
consideed as physical entity behaviors.

L'k 7 1 squarematrix; Interaction Matrix for the first realized system physical
representation,] is number of system components

Equation 3-18 is an expanded representation to £ in Equation 3-17.
Componentsn this design perspectivaaeconsidered as amalgamation of physical entity

behaviorsi.e. different perspective than what was realized in sedion (
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~O 0 0 g Op
|'O "O ’O — ( N
L :9 q 9 % o . Equation3-18
ne & & & &,
L_JO 0 ©O yolv¥;
0° o 0 Equation3-19

where:'O k interaction stimuli factors from componerd to components0 and;
n O p;

'O O k interaction stimuli factor from component to itself; special
representatiomr ‘O p;

0° Q0 k symbolic component representation

Thestimulus perspective toteraction representation defines components a¢ a s
of stimuli sent to other system componeitggered by their functional taskshe
interactions could be dematased like the one presented bguation3-19 or indirect
influences sent to other components such as mechanmieabes, heat, radiati, etc.
These interactions can be captured with more than one interaction matrix and
superimposed into one matiax the end

Equation 3-18 rows show the relevent component stimuli sent to systta;
columrs on the other handgshow the stimuli received from the system on the relevant

component.
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The interaction matrix developed fohe system inFigure 3-4 is shown by

Equation3-20; the assumption made aigldesign stages that the stimuli are twavay

type; this assumption is more inclusive to capture all possible interactions.

w2
,0
1Pz

(r,,
e,
6
)
> 7z
o
i°

vz

o

v

Ly

Ly

Ly

K]

Ly

[’
o

~0 O mom mToq TR0 -

o O 0 O T ToTm Ty

im0 0 n O ,T[ m 7 l’ll’f(,,) U'r

m o m O m O m Ty 0 .

im 4 O M O m W O o0 p Equation3-20
LU | S 1 O n 00 TTAr0 v

m oMo om oo O Tl Uy

um 7 m m O g m O o

JO 0O mom oM TMom T

o © O © Tt Tt T T,

im 0 0O m O T m my,

im o m 0 m O m T, |

m x O m O m m Op Equation3-21
im 7 n O = 0 0 Ty

m {7 m m T oo O Ty

ulm ¢ T T 0O m T O

Looking at the interaction system presentedefyation3-20 one can recognize:

1.

O is an interaction stimulus factor for stimulus generated by
componenti) functional taskon componeng).
the interaction stimulus factor of the system componpariself O is an
indication of a component that is sdgrading or a subsystem that is
beingsreduced to one component, for exampiteating anlC engine as
one component entity in a system and recognizing the mechanical stresses
impact produced by the engine vibaatito its internal componenyselds

0.
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Operations/Components Physical Coupling

The physical coupling relationship between operations and components can be
recognized through superimposing the coupling relationships recognized at the current
design stage i.e.|==|ﬁ=| |=F1|=, to develop the coupling relationships between system

operations and components; presente&dpyation3-22

6 Fq3 3fF E 6

Equation3-22
6 Frpk 8

The operation genereric coupling relationship with componentgasented by

the set of equatits fromEquation3-23 to Equation3-24

0 - 0
- c o O Equation3-23
0 0o 6 ©O o0
wheree— B B 0 6 'O are couping stimuli factors, they couple operation

0 to the set of componend .

Expandingequation3-23 produce€quation3-24;
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V] Oq (,)"’% Cf)Q 0 O0q 07 dQ o
QpQp QpQp

n ¢
Q +0 = Equation
oo 66 Oh 6 E a

Qp0p 3-24

n &
'rQ o
oo 6% O 6

’?'Qp’?'Qp

The coupling stimuli factor— which is equaltoB B o6 6 ©O

represnets functional demadd , functionalcomponent task couplingé  and

stimulus received from other components on corepbrd ; the row vector presented

by Equation3-24 represents the components affected by the deliveny of
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Equation
3-26
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ConsideringFigure 3-3 and Figure 3-4, Equation3-26 represents |= F E which
was calculated based &guation3-22, k3, 3 F, E are substituted frorEquation
3-6, Equation3-10 andEquation3-21 respectively.

By evaluatingequation3-26 system representatipwe can recognize:

1. Components: 6 I i M M 5 are affected by the delivery of
operationl; as compared tdhe set: 6 5 M M RS  realized before
physical interactions were taken into account

2. Componets: 6 9 M M M K are affected by the delivery of
operation2 as compared to the seét:hd M M S  realized before
physical interactions were taken into account.

~ ~

3. Operationl is affecting the sedf components 6 i M M M KB by
the set of coupling interactonsd 6 O 6 6 O
6 O 6 6 O & 6 O 6 O 6 ©
6 6 O 6 6 TOWB 6 0O 6 6 0 b

6 OB 6 O 6 6 "O. For instance operatieh affects
componat-1 through the coupling parameter 6 O o0 O

‘O which is a representation to the coupling coming fr@mperationl,
functions2) through componer® interaction: 6 06 O ; besids,

the couplingcoming from componert to itself through operatioh,
functionl: 0 6 "O. Considering the set of components:

6 MMMMB tobe associated in delivering operatibris more
inclusive than using the seb M M M MY ; in this specific cased

might not be directly involved in deliveringd  but it might be
functioning as a structural support for other components that are directly
involved in delivering O  or its failure might lead to the failure of
delivering 0 . If the system analyst decided that should not be
affected by or affectingl  he/she can substitu® T in the term

o 06 ©
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4. The system representatidiquation3-26, shows the components involved
of the

Wi

t h

del

ver.i

ng

each

rhewqui r ed

these operations are delivered. Another flmpresentations need to
describe thé H o vagtor.

Considering if jonts need to be included in analyzing the system, we can

recognize them as shown kingure 3-6 whereJ; andJ. are recognized as physical joints;

with physical interactions couplings recognizedBguation3-27.

alchefe i)

‘ Couple
@ secue
@ Positon
A Guide

Figure 3-6: Assembly structure of the functional system presented ifigure 3-3, two joints,

Jiand J. are physically recognized
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Due to the expansion of the set of components to includaedJz, updatingg F
tog Fis required. The most inclusive approach is to assume the joint as a component

that will be affected by the componebtsingjoined functions as shown Figure3-7.

. Couple
@ sccue
. Position
A Guide

Figure 3-7: Systemjoints and thdr associatedfunctions

Updatingg g to3 fis shown inEquation3-29 the system representation

and E f reeds to be updated too
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Other types of direct or indirect interactions can be recognized and modeled, for
example indirect interaction betweén and6 , whered is sending a stimulus © as
shown inFigure 3-8, beside a two way stimulus interaction betwé&enand 6 . The

interaction matrix for these two stimuli is showndgeparateepresentation ikquation

3-30.
’ Couple
. Secure
. Paosition
c: o - o - o A oo
B ;
______ — \
R N \
C: —@— Cs Co fem————
Figure 3-8: Assembly structural representation with two indirect actions between & Cs and
C7,Cs
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System Boundaries and External Environment

The external environment impact on the system lies on the inputs needed
stimuli from the environment and/or egsed to the environment; hence the environment
can be modeled as a component with input and/or output stimuli. Following this process,

many environments can be recognized and modeled if needed.

Operations Method of Delivery

The operational damage aompaentscan berecognizedby |= F Lmatrix;
0 |= F 6 , this matrixcaptureshe operational, functional anhysical interaction
coupling relationships between opras and components withystem environment.
Relationship mapping from operat®odomain 0 to components set domaing can
be defined as

wd ° omMmMMO Equation3-31

0 O M Mo Equation3-32
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@ is a mapping relationship between operations and components sets that
identifies the component® that are affected by the delivery of operations ; we are

going to call this relationship Who/Whaelationship or briefly\-relationships
The reverse of Welationships, relevant to components failusajsed to develop
damage reitionship.D-relationshipswill beused to relate components to aggems that

interface with them during theperationatdelivery process

0O (X) °© 0 hn MO Equation3-33

0 O R MO Equation3-34
O is a mapping relationship between componesmsl operationssets that
identifies theoperations0  thataffectcomponentso .
Damage accumulatiamsingMi ner 6 s Ru |l teassesslthe tothl eesuliing e d

damage omomponents

Equation3-35

¥ is the total damage due to systems operations opaoemt0 ; ¥ is the

damage impact of operatian on componend .

On the system level, the process flow of operations delivery still need to
identified, this can be modeled as a relationsfip between0 and he statement
0202820 ;

Oodh © 6206 202820 Equation3-36
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0 © 02020 2820 Equatbn 3-37
"0 is a process relationship that identifies logical operations along th® set
e 02020 2820 |, thatdelivers the operationh . z is aplaceholder for a

logical operator that belongs to the sefi and satisfies the operatiod by-design;

for example Equaton 3-37 is the short representation to the systshown byEquation

3-38:
0 0 20 20 2820
0 0 20 20 28z0
Equation3-38
5
0 0O 20 20 2820

'O is a logical relationship that identifiesow the operations are logically

delivered we are going to call this relationship Hewelationship or briefly H-

relationships

For complicated systemealizationof subsystems makée process easier:

00 Yo"B"B"BB" 2Yys"M"H"BMH"
Equation3-39

2827y 87 h R " "
where:"Y represents Helationship over the seb h ; "Q is the domain of components
satisfying portion of operationd by-design and recognized for having commonality

betweenits membersfor example: all componentgere designed to redundantly deliver

portion of the operation, i.e.-parallel subsystem.
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o0 M ET OEQ0B O 626202820 Equation3-40

Y O MeET 008 O 620 20 2820 Equation3-41
o P B B g B C o oy ox g oa . _
Y6 ' Th "B 0 02020432820 Equation3-42
o [ F] e F] e F] e e FI ” 4 O [ [ [ 14
Y 6 B odqn 020202820 Equation3-43

An expanded version &quation3-39is:

Yo BB R 2y s "R "B 28

27y 6 "8 "R Mg FB
Yo Rt iy s B 28

N Equation
2y 6 "M " "B "
3-44
s

v o 'Rt Pm My 6 TR " Mg R

282y 6 " " M N
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3.2 Component Reliability

3.2.1 Component PoF Algorithm

The mechaical fatigue damage modelingill be used asan analogybaseto
outlineand explairthe mechanistic reliabilitproceses.The durability of a component is
assessebyk nowi ng the number of cycles consumec
failure.

A deterministic mathematical model to ass#®s damage for oneomponent
under constant alternatingnechanicalstress ,, ; is represented by the accumulated

damage ¥y model:

€
Yo Equation3-45
where:¥ k accumulated damage at elapsed tigie
¢ k accumulatedtresscycles during elapsed time
0 k number of cycles to failure atternating stress levej
0O is a function dependent on alternati:

design and the form and geometry (G) of the composent; & , ) FO; hence;

€

¥ 5 mro Equation3-46

TheTime to failure (TTF) othis component, under prescribed usage and material

conditions is '] Q ;

om0, 0 A0 0 R AO
YYOE ° ¢ & Equation3-47

where¢ k cycle rate, — , at constant alternating stress level
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This equation captures the main causes to failure under fatigue loading, i.e.: usage
time and cycles O'fE , operational stresses, , design material and geometry

parametersi FiQ

3.2.2 Mechanistic Reliability

During the design phase, system designer should have specific life tawgdts
the system and systewomponentsReliability, 'Y 0 , of a system or component during
the design process could be called Design Phase Reliability and defined by:

Yo p 0OYYOTY Equation3-48

The system designer normally aims foY"Y @ be greater than the life goaly
; seeFigure 3-9; the green hatched area is the reliability of the component and the blue
hatched area is the probabilitfyy"Y"O “Y ; where “Y s the life goal of this component
under the predefined design conditioBguation3-49 represents the mechanical fatigue
physics impact on component reliability.

o 0 ,hhOo |
YO p 00— Y Equation3-49
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Figure 3-9: Probability density function of 4| 4| 5 |4 4| 5 Design Phase Reliability{ <«
and Probability of 4 4 5 4 ||

Reliability is technically defined as, prdiilty that a unit performs its intended
function over a period of time without a failure under some specified conditions of use; in
this research framework, reliability will be defined psobability that a unitdeliversits
intended operations over a qpad of time without a physigsased failure under some
specified conditions of use

The reliability model presented Equation3-49 assumes the conditions of use to
be the set, Fe*R) RO this PoF reliability model resolved within the context of system
operations is sufficient to capture the definition ddsign phasemechanistiebased

reliability.
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3.2.3 Physics of the Damage Process

Mechanistic reliability is focusing on und&asding the root cause of product
failure events; it aims at developing relationship between the variables and parameters
contributing to the failure event and the reliability of the product

Considering mechanical fatigue asbaseanalogy; for a singleamponent, the
relationship between the number of cycles to failure and the alternating stres$ofield

low stress amplitudesan becondensed int&quation3-50, [74]:

0 0 Qwq a¥fyY Equation3-50

where:6 A@D—
o -
“Y k the fatigue strength coefficient
wk the stress fatigue exponent
Y  k the stress amplitude
0 k the number of cycles to failure

For a set of , [ , stress and number of stress cycles at timgEquation3-45

becomes

€ €
Ty 0 Qwg ac&y Euation 3-51

Indices can be added to refer to the damage from specific operation,

€

0 Quly ac&'y Equation3-52

¥
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For high stress amplitude, a fatigue model based on strain amplitudes iShesed.
true plastic strainT  will be used to assess the fatigue damddge fatigue model
represented above can be reconstructeld s

6 6 Qwg a§ Equation3-53

Dz

where:d Qi
o -
T RZatigue ductility coefficient
ok fatigue ductiity exponent
T k plastic strain amplitude

0 k the number of cycles to failure

The damagéor specificnumber of cyclese¢ for the short life model is presented
by Equation3-54
€

0 QoI O & Equation3-54

€
¥ -
U

For a specifioperation U :, the damagbecomes:

€

¥ 6 Qw IQ) A & Equation3-55

Equation 3-52 and Equation 3-55 represent the mechanical fatigue damage
behavior for steelike materials; the damage credtby a stress cycle that is less than the
yield strength of the material need to be assessed Egjogtion3-52, the damage
created by a stress cycle that is greater than the yield strength of the material Ineed t
assessed usirigguation3-55. A feasible data management process needs to be developed

-----

inputs:"Y  h e o.
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3.2.4 Single Component Degradation: One Operation, Single Failure
Mechanism Damage Modeling
A single component exposed to one fatigue failure mechanism caused by a
constant alternating single stress field will exhibg tmear damage progression trend

shown inFigure3-10 and represented tyquation3-46 for mechanical fatigue

Damage vs Time

1.2

1
1
1

0.8

06 /

0.4

Damage

o 500 1500
Time TTF

Figure 3-10: Damage progression due to a constant amplitude stress fields 4| 5is time to

failure (equivalent todamage =)

3.2.5 Single Component: Multiple Operations, Multiple Users, Single Failure
Mechanism Damage Modeling
A component exposed to different operations will store the damage, created by an
operation; according tMi n e r & d'he rtotal damage accumulated on a system
componenfrom a representativesagesample(a sample thatapturesall system usage

operations with accurate operatiomercentagge over total sample elapsed time

B ¢ isthe summabn over ‘Qfor G as shown b¥quation3-56
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, , €
Q 0] U_ Equation3-56

Where:Q k total damage fotherepresentatie usagesample
& k number of operations performed by component
« k damage created by operatian
¢ k number of cycles accumulated at elapsed ticheduring operation(
0 B o0 k accumulative elapsed spte time (summation of operations

elapsed times)

0 k number of cycles to failure for stress level generated by operation

Operations time duration could be stored in a vedtor that represents operation

0 usag time for a specific operator per unit time measuremgot, instanceper "Y)

the system design time goal& is presented bEquation3-57:

\Z

O v
OOl wOEIEEI wo Qs,f,z p

0n Qi ooocQ’ioel GO Qe &

S | FO ¥ Equation3-57
0N Qi GORET DO Q&EE Iy
wo O

where: € k operator ‘Qusag for the set of& operations
For a set of system users, their usage time for a specific operation can be stored in

the vector <, presented bfquation3-58

\Z \Z

<« 0 O ¥ E ¢ Equation3-58
where: €k operation "Qtime usage for the set of) operators
A sample of "Q users timausage for a set ofa operations can be stored an

matrix <« as presented Wgquation 3-59;
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r\bz o 8 o} ]
1 bz NZ 8 (‘)z 2

i L . = . A . _
| 8 & g g - Equation 3-59
lrbz bZ bz U

Equation 3-59 matrix needs to be converted to usage cycles per unit time
measurement. Assuming the cycle rate per time usage isfor operation 0 for a

specific operator’Q, Equation3-60 represents the vector format for

0N Qi GOoEPE@aacDd Q & =
O0NQi wodEwdwand Q ¢ _

é 't é’ "~ Equat|0n3-60
O0nQl HODwAaDd Q % 1

wE

where: operator ‘Qusage rate for the set af operations

For a set of system users, their usae for a specific operation can be stored in

the vector », presented bfquation3-61
- & & & E ¢ Equation3-61
where:= - k operation "Qrate of usage for the set 6@ operators

A sample of Q u s eusagé rate for a set ofi operations can be stored in a

matrix = as shown by¥quation3-62:

F & 8 Eo

. 1E € & E N .
18 & g &1 Equation3-62
LE € ¢ U

The rumber of usage cycles could be stored in a veoto that represents
operatiors U number of cycles for a specific operator per unit time measureffant,

instan@ per’Y), as presented bquation3-63.
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O0NQI GOREEODQE DoOaQ ¢ €

O0f'Ql OOERERG VOBDWwhaQ € ¢ Equation
¢ 3 g~y 3 g ? T A - S ée :’::é:’: 3-63
0NQi OOKE é d QW Wa Q -

A sample of "Q operators cycle usage vecterscan be stored in a matrix as

shown byEquation3-64.

£ € 8 £

. If": £ & £ 1 .
L1 & g & i Equation3-64
E £ ¢ U

The number of operations cycles is the multiplication of usage timbebysage

rate, as shown bigquation3-65

ST 20 g &0 § &0 g 20 g g 0 EF g &0 n _

. 8§ 8 g 8 ¢d &0 g ¢ gy o t¢ g &g o Equaton
o8 & & & E ¢ 5 & B & & § § & . 445
4§ &4 ¢ ¢ &4 &4 ¢ 8y &5 Y

Operation U samples of "Q operators is the Kronecker tensor product of the

usage rate vecto€ and usage time vectod for different operators, i.e. Kronecker

Z

tensor product of¢ ¢ ¢ E & and & & & E ¢ produces the

sample set:
EO0 £0 &0 E &t EO0 €0 ¢tO6 E &t0o E

internal brackets added for vector subset demonstration only, no relapobhshween
vector subset elements. Another representatiofquation3-65 is shown inEquation

3-66

88



(04
'
Ny
"l
=g v
1 é n
rnd 4 U

Ty Q1 Q1 Q-
A A A

o

I Equation3-66

Samples for operatioriQ number of cycles vector is shownHiguation3-67

Z

I Equation3-67

In relation to mechanical fatiguayd material models are used fay , one for

mechanical stress and strains below the yield strength of the material aner anodel

for mechanical stress and strains above the yield strength of the material, presented by

Equation 3-50 and Equation 3-53, ie. 0 0 Qo act&'y , 0

0 Qi O & ; the research will focus on the first model where cyclical stress

amplitudes are below yield strength; the two main material parameters for this model are
0 ando , these two parameters arelependent of component usage, the parameters
can be presented inmaatrix row set of material samples as showrElgyation3-68 and
Equation3-69

= 0 o6 o6 E o E o Equation3-68

Fa O 0 0 E 6 E 6 Equation3-69
The stress amplitudes for different operators for operation can be stored in a
vector matrix {4+ .. as shown b¥Equation3-70

Y Equation
3-70

h

ftom Y Y Y E Y
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and for manyoperations 4|4+ .. can be stored inf|y , _ matrix as shown bfEquation

371

ny "y Y "y .

_”=|= : TY Y 8 Y 8 Y ','
O L L - L - o N Equation3-71
& ¢ & e k& ey
uY Y Y Y O
4 P is the number of cycles to failure for a specific stress amplittﬂgppa -

procced by operationi . All possible combinations of6 F RY results for

4 j can be produced by the Kronecker multiplicatior(=e, Fa, -||4=D - as shown by
Equation 3-72, the operationsed € and ¢Q cxrjare executed onndividual vectors
elements.

. B O S QwAgS o “c"”+D - Equation3-72

Equation 3-72 produces the vector shown kyguation 3-73; with n = "Q

number of samples
1 3y 5 ar = 3 = ”
4 l v v v E U E 0 Equation3-73

and the total damage produced by operation can be presented lBquation3-74

: = p
® =5 . . . Equation3-74
Fad Qokas o é{4oa

Substitutingequation3-67 into Equation3-74 produce€quation3-75

P
FasS QWARgS « s-||+m__

®.
B
A
e

Equation3-75

90



and Equation 3-75 produces he vector presented bgquation3-76 with 1 Q
number of samples
e ¢ O d E ¢ Equation3-76
Equation3-75 can be expanded to include design geometry factbrs which

could be treated as a constant or statistical variable.

Z Tz x p
& -a<«s . . Equation3-77
fad QuEgs aél {1oa

Equation3-77 shows I as a constant scale td?|+m-,? if I is considered a
statistical variable, a vemt set of shape factors can be created and Kronecker
multiplication betweengdy and {+ .. need to be executed to produde n  'Q

vector elements for oz N represents A number of set elements. Considering

instantaneous damaggae generic form oEquation3-74is presented ikEquation3-78.

ez (‘32$‘F], i KO . a ié P Equation
R oS QRS G édy S -||=|=D - 3-78

A Matlab program,Appendix B.4 was developed to solMeéquation3-78 for

every operation affectingpmponerg Gilamage

3.2.6 Damage Accumulation and Failure Paths

Several operations damage on a single component can be summed according to

Mi ner 6s Rul e, the main assumption of Mi ne
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independent of all other operations damdggure 3-11 shows accumulated damage for

three operations.

A Damage vs Time

Damage

Ot—i;—— >t —— >t ———— Time

Figure 3-11. Accumulated damage for three operations

The accumulated time is the summation of each operation elapsed uéeo D
the operations damage independency, each operation time can be treated as occurring and
endingduring a discrete time period; for example operafids producing®@ damage,
during elapsed time& . At the end of operatief the instantarmus time isd0 and the

accumulated damage@® as shown b¥quation3-79 andFigure3-11

\Z

06 0 oNnNo m%9o O Equation3-79

where:0 k initial time
0 k operationl elapsed timefraction of the total elapsed time (feigure3-11)

Equation3-80 shows the relationship betvem operation damage and operation

degradation
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(O Equation3-80

where:(d k damage generated by operatibn
" Kk operationl degradation

Equation3-81 shows the accumulated damage of the component atdime
Q Q dnQ noqQ O Equation3-81
Substituting Equation 3-79 and Equation 3-81 variables to Equation 3-80
produce Equation3-82
Q "0 Equation3-82
Operations time can be stored in a vector matrix as shovigbstion3-83 and

Equation3-84

0O O s
N 1P N N 1P
,0. - 0 O O
|’|:(‘) 2 Il”o OZ \OZ 02['»’
Lo & . ion3-
5" 'y P Equation3-83
O P o o IF
w o
fo 1T
\OZ
[N 4 \z z 1y
.. 0 - N (0} (0] :
Q) v l I’OZ o o N
L0 é . ion3-
s ooy P Equation3-84
wo o Uy o Uy
w o

And the samerocedurecan beappliedto component accumulated damage

shown byEquation3-85 andEquation3-86
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Q ¢d

1P ’ P 1P
L. - a9 a9 -
PV e ll’Q (0} (0] (0] (g
.‘.,Q ™ . e ~ Equation3-85
& 1 (g (g
Qo 7 Q Ty
w r
fQ 1
, ¥’ .
1P z z 1P
P N ¥ :
I’IJ’X~ I’IJ IFOX\Z OX\Z OX\Z l IJ
N R é . ion3-
cel e p P Equation3-86
Co @ e R -
w¥Y o Y S
w o

Substituting the degradation model shownHmation3-82 produces the system

shown byEquation3-87

v 0 e " S n - s T 0 o
N T " " JU E n Ty O v .
Q i " . = T T, O Equation
v € 11 € é Y € Y E N é Eare € 1 3.87
o B U L 7 E i Tprgy v i
rQ o u" " 7 Ugr o o
Q z o Equation3-88
where ®k accumulative damage per unit time measurement
Z k degradation matrixEquation3-89
0 k operations accumulative time per unit time measurement
nn ” ”T[ LS - T n I,I
11 ” ” ”T[ - T[ T[ "
i . 2 - T'_:, 11: Y Equation
Z 11 é é € E e Y]
” ” ” ” ” ” ~ ” T[ > 3'89
11 E , , ,
u ” ” ” ” U
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Damaye failure path vector is produced by dividing each elemenfoby the
lowest vector element, i.e the total accumulated damage of all operations due to their
proportional usage. This produce"sw, the accumulative damage to failure; shown by

Equation3-90

o Q7Q . . QTQ
r'p Q Qo QT
I Q71Q Q71Q :
oy & v rp & s Equation3-90

KR Qv Q. QY
vrQirQ o Vi p v

where || k cumulative damage to failukector
Q Q B ¢ k damage summation for thepresentative usage sample
used as a scale factor, deguation3-85

The equvalenttime-incrementsvectorto |f can be generated by multiplying the

T

inverse of the degradation matrix bH,‘rr :
”'%I 2 ”'rr Equation3-91
where |y k equivalent time increemtsvectorto the accumulative damage to failure
vector |
Time to failure is the element at the bottom||qfvector, i.e.0 @ ; equivalent
to an accumulative unity damage Hap vector
YY00b & Equation3-92
where YYD component time to failure
Plotting the vector|} - versus [y produces the path to failure as shown by the

example presented Figure3-12
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Damage vs Time, Failure Path

12
(750, 1)

1
IEQ‘L1137flr-___---ﬂ—-ﬂ—-—-
0.8 "””
06 l””'
0.4
(250, 0.25,]/
0.2

o T T 1 T T T T |
o 100 200 300 400 500 600 700 800

Damage

Time

Figure 3-12: Component's path to failure  [lyhl . example

For the example shown Higure3-12 |y and | are shown irEquation

T

3-90;, when tle damage reaches unifailure occurs; i.e. TTF is]|-4| T, 750 hours as

presented b¥quation3-93.

T® U CUuUT
”'rr @) X U ||'4| LRl Equation3-93
P XUT

Equation3-78 solves for the set of damage samples produced by one operation

0 . For a set of more than one operation, the damage summation process for one

sample was outlined by the set of equatidtrpuation3-79 to Equation3-91; to manage

the damage path samples generated by more than one operation a data organization

process to assure all possible damage pathassesed andhcludedis neededSample

space for damage ratios and equivalent elapsed time need to be devetpzn3-94
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shows the sample space for two vecterand || that would be developed for the
accumulative damage process to be carried over the subsgis as elaborated by the
set of equation€Equation3-79to Equation3-91.

Y=h| 6 hoR hom BHO M h

oM h

¢

6 hoh ho B

6 ho b ho Mho M h Equation3-94

O M hdo M hd M Mho M
where:=Kk & p vector matrix

| k & pvector matrix

"Y=h| k sample space of vector matricesnd ||; with & & subsets

For 0 vectors with equal number of sampleg ; the number of Y=h|
subsets is equal ta&x . For 0 vectors the short notation for sample space is presented
by Equation3-95.

3 = Y= h=h= 8 h= Equation3-95

where:=-k £ p vector matrix;¢ is a variable equal to each vector matrix number of
elementsg varies frome to¢
3k operator on set of vector matrices: ; it generates sample space for

vectorsQ pto'Q o;with:b & € & € 8 ¢ numberofsubsets

Equation3-95 is expanded for demonsti@n in Equation3-96; if the number of

each matrix vector is the same, say , then3 = willhave & elments
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Equation
8h 3-96

Figure 3-13 shows an example to 3 operations with 3 damage samples each on a

single componeng e produces3?, =27 possibledamage paths and TTEraples.

Damage vs Time, Failure Paths

(3-operations, 3-sample damage each: 27 TTF samples) —Sample-1
Sample-2
—Sample-3
——Sample-4
12 ——Sample-5
—Sample-6
——Sample-7
——Sample-8
——Sample-9
0.8 —>Sample-10
—Sample-11
—Sample-12
Sample-13
——Sample-14
Sample-15
——Sample-16
Sample-17
Sample-18
——Sample-19

0.6

Damage

0.4

0.2
——Sample-20
——Sample-21
——Sample-22
0 200 400 600 800 1000 ——Sample-23
——Sample-24
Sample-25
Sample-26
Sample-27

Time

Figure 3-13: Example of 3-operations, 3samples each; the resultant of]-f% = is

TTF samples

Considering many user s 0 aslappgehvelgptoallwe ¢ an
failure paths by sorting the operationso d
“Y'Y'8&ample patlas shown byrigure3-14 we call this path the lower failure path (LEP)

the same can be done to thammum "Y"Y'@&mage pathwve can sort the degradation in
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descending order to develop the upper failure path (UFP) as shotigurg 3-15. All

possiblefailure pathswill be inside the envelope created by thesegaths.

A

Damage vs Time, Lower Failure Path

(t5,43)

/

Damage

—

Y

Time

Figure 3-14: Lower Failure Path

Damage vs Time, Upper Failure Path

(¢,43)

(tf.4]) e !
1 !

A o~
S

Damage

/

/

/

Y

Time

Figure 3-15: Upper Failure Path
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Damage vs Time, Failure Paths
(3-operations, 3-sample damage each: 27 TTF samples)

1.2

g - - — — —UFP (Sample-14)
E e ’ — — = LFP (Sample-14)
g Sample-14
Sample-27
800 1000

Time

Figure 3-16: Example of UFP andLFP for the example presented byFigure 3-13, UFP and
LFP is produced by sample 14 and sample 27 respectively

Sample-1
Damage vs Time, Failure Paths Sample-2
(3-operations, 3-sample damage each: 27 TTF samples) Sample-3

Sample-4

Sample-5

Sample-6
1.2

Sample-7

Sample-8

Sample-9
Sample-10
Sample-11

Sample-12

Sample-13
Sample-14
Sample-15

Sample-16
Sample-17

Damage

Sample-18

Sample-19

Sample-20

Sample-21

Sample-22

Sample-23
Sample-24
Sample-25

Sample-26
Sample-27
UFP (Sample-14)
Time LFP (Sample-14)

900 1000

Figure 3-17: UFP, LFP and all other possible paths
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By sorting TTFect or of al | userso samples of

develop the vectof| 7 3, the median of| 7 3 can be selected according to the method

shown byEquation3-97.

% -
AT P n 0@ QHE QD6 4 OQI
. Equati
Y YO cudl dl = A)o J| _]l = A)O p quatlon
SR e TR T v g s o s s o e 3797
. S c S NQ@ "QEQL @& a wQ

where:"Y'Y"® median of time to failure vector
1| 9l 3k ascendinty-sorted time to failure vector; i.e. frofhq| 3

1l 9l 5 "Qk “@h row onq| 4| F column vector, ofh column ony| 5 3 row vector

%ok number of TTF samples

For oneoperation damage model like the one presentedtdpyation3-78 the
number of TTF sample$ée 1 1 "Q; for mutliple & operations the number of
TTFis:% 1 n Q

%0 r] r] Q Equation3-98

where: %ok number of TTF samples
"Qk number of random users samples
f k number of random design material samples
N k number of random design geometry shape parameters samples

& knumberof systembés operations

The mean of TTF is the algebraic average of the unsgridyector as shown

by Equation3-99
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Equation

"Y"Y“O Jll JI| ﬁ "Q
3-99

where:"Y"Y"® mean of time to failure vector
1l 4 2k unsorted time to failure vector
I 5Ok " J 4 ’ 4 4
Al 4l 3 "Qk "@ row on4| 4| 3 column vector, oih column on4| 4 3 row vector

%ok number of TTF samples
3.2.7 Multiple Failure Mechanisms Damage

For a single component, the damage created by many failure mechanism
occurring at the same time can be recognized based on the déunaten on the
componentFigure3-18 shows the categories of cumulative daya based oits location

on the component

Location on

Component
[
Y Y
Same Not the Same
Accumulative Aggravating Competing

Figure 3-18 Component Damage: Categories

Cumulative damage is a type of damage that can be algebraically summed, i.e.
two failure mechanisms damages can be suintmeredict the effect of both over time;
for examplethermal stresssand mechanical stress generatingatiguefailure affecting
the same | ocation on a component where t he
increase in temperature.
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Aggravateddamage is a type of damage that cannot be algebraically summed; i.e.
two failure mechanisms when they exist together on the same location of a component
lead to aggravating the damage that could be produced by each separately; such behavior
requires a newdamage model to predict TTF produced by both stress agents working
simultaneously; example: presence of mechanical fatigue and corrosion at the same
location of a component.

When the location of stress agents on a component is not the same, competing
damae can be considered; the TTF of this component will be determined by the failure
mechanism that reaches unity first; for example: mechanical stress and corrosion that are

affecting two different locations in a component.

Additive Failure Mechanisms Damags

Component additive failure mechanisms damage model can be used if:

1. Damage is generated by operations stress agents
2. The damage generated by failure mechanisms can be algebraically
summed.

The damage accumulated over an elapsed timecan be modebtas following:

Equation3-100

where:¥ & k component accumulated damage over an elapsed &méor operation
0
Q O k damage accumulated at the end of operation due to failure

mechanism™O0 .
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Expanding the summation;

¥ 0 Q o Q o E Q o Equaton 3-101

Aggravating Failure Mechanisms Damages

The aggravating damage modeling assumes existence of a damage model that
captures the presence of more than one stress agent; the damage modeling orocess i

similar to the single failure mechanism process presented in s8@i&n

Competing Failure Mechanisms Damages

Competingfailure mechanisms damageodel can be used if failure mechanisms
affect different loations on a component; the first location damage that reaches one fails
first; damage generated from operatiadn can be modeled as shown Eguation
3-102

¥ O DOwQ o
Equation

Do o oM o 3102

3.2.8 Component Mechanistic PoF Algorithm

Figure 3-38 shows he algorithm developed to assess the reliability of system
componentsAppendix B.1shows the Matlab code developed to numerically solve the

problem.
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Physics-based model for
components (realize stress

agent magnitude)

Input statistics of:

1- Stress Agents per operation (related to
FMs: two independent parameters:
stress magnitude and stress cycle
duration)

2-no. of simulated stress samples (M);
no. of simulated cycle time samples (L)

Mechanisms
Damage Models

& Parameters
Database

Random Number Generator

Input statistics of:

1-Material damage parameters
2-Fracture Mechanics approach to
fatigue life has 2 parameters
3-Stress & Strain-Fatigue Life
approach has 4 parameters

Random Number Generator

Geometry-hased madel for
components (realize shape

damage parameters)

Input statistics of:

shape parameters:

1- One shape parameter,
stress intensity factor for
Fracture Mechanics fatigue
life approach

2-0ne shape parameter,
notch factor

(L X M) stress agents
matrix (stress, cycle time)
samples per operation

(P*2) parameters matrix (for fracture
mechanics) samples per material, or
(P~4) parameters matrix for stress/ strain

fatigue life approach samples per material

{conuld be simplified to 2 parameters)

Random Number Generator

Operator/
Customer Usage
Database

Input statistics of:
1- System Usage (timefyear)
2- no. of simulated samples (N)

Random Number Generator

(N) system time samples

Calculate companent

due to

failure m:

[p} LXMX P2 X Q degradation samples per operation

!

Calculate component damages due to individual operations:
[AD]: LXMXNX P2 X Q damage samples per operation

!

[ create paths to failure, component damage accumulation fram all (1) operations: l

A (LX M X N X P*2 X Q)*r damage samples

!

Scale damage to get time to failure for each failure mechanism:
TTF: (L X M X N X P2 X Q)°r time to failure samples

!

|

Sum each component damage due to different failure mechanisms:
Relations between Failure Mechanism: Accumulative FM Sets, Aggravating FM Sets, Competing FM Sets

!

Calculate TTF for each path to failure:

(reciprocal of damage rate to the first path that crosses damage=1

Create component {TTF} set

Component:

pdf(t), CDF(t), R(t)

Figure 3-19: Component Mechanistic PoF Reliability Algorithm
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3.3 SystemReliability

The importance of aystemcomponent comes from its ability to keep the system
running. The impact of a component failure on system operation can be analyzed by
looking at the impact of the failarof that component on the other components damage
progression and the impact on the overall system damage. In relation to the impact of the
damage of one component on other components, we can recognize the two behaviors
presented irrigure 3-20 andFigure 3-21; this research will focus mainly on independent
component damage models

Considering system damage we can deSgechronous Damadé&igure3-20) as
a representation to twindependent damage progression trends that are not affected by
each other. Asynchronous Damggégure 3-21) on the other hand represents a damage
of a component that starts to progress at the event of a failure of another emmgon

example backup system components.

Synchronus Damage Growth

Damage

= Component-1 Damage

Component-2 Damage

300 1000 1300 2000

Time

Figure 3-20: Two Components Synchronous Damage
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Asynchronus Damage Growth

= Component-1 Damage

Damage

Component-2 Damage

T 1
o 1000 2000 3000

Time

Figure 3-21: Two Components Asynchronous Damage

3.3.1 System Damagé Synchronous Degradation

The systemdamage behavior for synchroned@mage components can be
modeled after the impact of the first component failure and/or the last component failure;
there are two types of synchronous damage behaviors:

1. Synchronousl: wherethe failure of the first component within a system
or subsystem leads to system failure; this is typical of components that
deliver portion of a function within a functional system or subsystem.
SYNC1 will be used as abbreviation for thigpe

2. Synchronog-2: where the failure of the last component within a system or
subsystem leads to system failure: this is typical of components that work
together to deliver system functionalit§YNC2 will be used as
abbreviation for this system.

For SYNC1 system damageehavior, the maximum damage model represents the
system damage behavior; representedHoyation 3-103 the system instantaneous

damage is the maximum of components instantaneous dankagare 3-22 shows this
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behavior for a system of two components. System-torfailure, as shown bigquation
3-104, would be the minimum of the components individual TfoF SYNC1:

¥ o0 U0da o Equation3-103
where, ¥ 0 represents a set af 0 for the individual components that compose the
system.

YY'O 0 QEYY'O Equation3-104
where, "Y'Y'Qepresents a set 0¥ "YTor the individual components that compose the

system.

Synchronus-1 Damage Progression for a System of Two Components

. T T

Component-1 Damage

Damage

Component-2 Damage

e o o System Damage (Max Damage of component 1 or 2)

0 500 1000 1500 2000
Time

Figure 3-22: Synchronous1 System Damage Behavior

Figure 3-23 shows simulation of TTF and failure probability of the t&gNC1
system described byigure 3-22. Appendix B.11presents a Matlab program that
performs the (TTF) simulation of any number of comgats affected bySYNC1

damage behavior.
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0 500 1000 1500 2000 2500

Figure 3-23. System Failure Probability Simulation Results; Max Damage Model of Two

SynchronousDamage Components

For SYNC2 system damage behavior, the minimum dgenanodel represents the
system damage behavior; representedHBmyation 3-105 the system instantaneous
damage is the minimum of components instantaneous damgee 3-24 shows this
behavior for a system of two components. System-to¥failure, as shown biquation
3-106, would be the minimum of the components individual TTBr SYNC2
degradation:

¥ o 0Qw o Equation3-105
where, ¥ 0 represents a set af 0 for the individual components that compose the
system.

YYO 0 @aiY'YO Equation3-106
where, "Y'Y'Qepresents a set 6Y"YT0r the individual components that compose the

system.
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Synchronus-2 Damage Progression for a System of Two Components

o
&
5 Component-1 Damage
o
Component-2 Damage
P e o o System Damage (Min Damage of component 1 or 2)
> L
0 : : . ,
0 500 1000 1500 2000
Time

Figure 3-24: Synchronous2 System Damage Behavior

Figure 3-25 shows simulation of TTF and failure probability of the t&gNC2
system described byigure 3-24. Appendix B.12 presents a Matlab program that

performsthe (TTF) simulation of any number of components affectedSH¥NC2

damage behavior.

3000

T T T T T T T

F‘Hw {M 5,'“;‘ h w W‘W \ MM‘ "W. M WW MW W M 'ﬂ\zw‘"’ ':\k WW;‘ W' M]Mi WMWW%

Figure 3-25: System Failure Probability Simulation Results; Min Damage Model of Two
SynchronousDamage Components
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3.3.2 SystemDamagei Asynchronous Degradation

For asynchronoud a ma g e component s; t he system

components fail Each componentindependently, wouldbe able to deliver the
functionality of the system. The average system damage path can be nigresith
Equation 3-107. Figure 3-26 shows this behavior for a system of two components.
System timeo-failure, as shown byequation 3-108 would be the algebraisum of
individual components TT,Hor ASYNC degradation:

5 ”
¥ O B 0 Equation3-107

where:” k degradations of the individual components that compose the system.
Y'Y'O Y'Y'0 Equation3-108

where: Y'Yk set of 'Y'YTOr the individual components that compose the system.

Asynchronus Damage Growth

Component-1 Damage

Damage

Component-2 Damage

e o o System Damage (linear representation, average path)

0 500 1000 1500 2000 2500 3000
Time

Figure 3-26: Asynchronous System Damage

Figure3-27 shows simulation of TTF and failure probability of the two ASYNC
system described byigure 3-26. Appendix B.13 preents a Matlab program that
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performs the (TTF) simulation of any number of components affected HYNE

damage behavior.

500 500 700 800 900 1000
trials

2000 2500 3000 300 000

Figure 3-27: System Failure Probability Simulation Results; Damage Model of Two

Asynchronous-Damage Components

3.3.3 System Damageand TTF Statemens

The gstem damage statement describes $lystem damage behaviotby
leveraging W-and Hrelationship statementsand uing the operators set YNC1,
SYNC2, ASYNQC as descriptorsEquation3-109 shows a system damage statement to
five subsystems.

¥ n A EAY FAR A BA M R EAr FAR 7 BAR Equation
3-109

System TTF statemenbn the other handjses the system damage statentent
assess the time to failure of the system. It uses the operator (ProbSpace) to generate set of

sets of all possible combinations of the subsysbdm§; before executing the operators
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set {SYNC1, SYNC2, ASYNG as described in sectior8.3.1) and sectior8.3.2 on
(ProbSpace) created probability domatguation3-110 shows the equivalent system
TTF statement oEquation3-109
VO
nRED OI A3YANBAN [ BT A3 DYAVEBA Equation
3-110
AR TED O A3YABAN R 'BOT A3 YANEXYO
3.4 System Availability Assessment
Considering a repairable component with linear degradation and repair behavior;
a failure and repair cycle represents the danb@fpaviorduring the time interval starting
at the end of the previous repair event and enditigeabeginning of damage progression
of the next failure event; if the component is repaired and put back on service to
immediately start accumulating damage at the end time of repair, iggrhically be
represented byigure 3-28. This behavior can mathematically be modeled using the
formulation presented byquation3-111andEquation3-114
QEGa  p YYOYYY 0O a p YYOYYY YYQ
m Qo6 p Equation

) . AT 3111
o] a p YYOYYY

NY'O YO

Qo

where:a k Cycle number
“Y'YIKO component time to failure
Y'Y component time to pair
0 k time during damage progression phase

The reverse model far Q is
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0Q Yy & p YYOYYY Equation3-112
The linear repair process which follows the occurrenica éailure event can
mathematically be modeled as:

Qédga  p YYOYYY YYO O a4 YYOYYY Qo

plRo m Equation
08 4 YYOYYY o 3113
Y'Y
The reverse wdel foro Q is
0 Q a"YYOVYYY "YYR Equation3-114

Figure 3-28 shows a generic ffailure/repair cycle of a single component

Damage/ Repair Cycles

(((m-1)(TTF+TTR)+TTF),1)

—— Damage/ Repair Behavior
----- Max Damage Line

Damage

((M-1(TTF+TTR),0) L)(mﬂ'rk)m
0
0 e—TTF ——> | TTR
Time

Figure 3-28: Damage/ repair ri" damage cycle; damage line is represented bquation

3-113 repair line is presented byEquation 3-114

Consideringmodeling the damage behavior of a system of repairable components

requiresfunctional componentso be availablewhen the damage is below unity, the
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graphical representation of the repairable component showhiduwe 3-28 will be

substituted by the graphical representation showhidpyre3-29

Damage/ Repair Cycles

((m-1)(TTF+TTR)+TTF),1) (m(TTF+TTR,1)

----- Max Damage Line
— Damage/ Repair Behavior

Damage

((m-1)(TTF+TTR),0) (m(TTF+TTR),0)

< TTR

Figure 3-29: Damage/ repair ni" damage cycle; damage line is represented gquation

3-113 repair line is presented byEquation 3-114

The characteristics focurves representingamage are the slopge and the
interceptd
0 Toa o p YYOYYY Equation3-115
where:6 k intercept of the damage line for thd momponent failure/repair cycle
" Kk degradation (damageate) of the damage line for the" component
failure/repair cycle
The characteristics for the repair lines showrFigure 3-28 are the slopé and
interceptd
6 P a p YYOYYY "Y'YO Equation3-116

where:6 k intercept of the repair line for the'hsomponent failure/repair cycle

115



" Kk restoration (repair rate) of the repair line for thé" momponent
failure/repaircycle

The models presented Bguation3-115 and Equation3-116 for calculating the
intercepts of the failure and repair lines takes into account that degradation and
restoration could ba function of & ; the impact of failure on some systems might lead
to higher degradation on the subsequent repair cycles. In this research the degradation

and restoration will be assumed to stay constant during repair cycles.

3.4.1 Synchronous Repairable Subsystems

Synchromus damage is described in secti@3.], an example of two
Synchronous damage type component system, where the two components are
accumulating damage simultaneously, will exhibit the damage behavior shdwgubog
3-30.

A repairable system of these two components would have a maximum
accumulated damage as presentedrigyre 3-31; this system damage behavior will be
referred to as Synchronods SYNC1 damage model is a representation to a system
damage behavior where a failure of a component would lead to the failure of the whole
system. It can be observed frdtigure 3-31 that the damage behavior of cpoment2 is
affected by componerit during the first repair period where the damage of compéhent

stayed at the same level as before when compdnfiled.
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SYNC1 System Damage/ Repair Cycles

-]
o -
[v] -
£
8 -------- Max Damage Line
----------- Component-1 (individual damage behavior)
"""""" Component-2 (individual damage behavior)
g ‘
nD i
TTF1 < TTR1>|
TTF2 TTR2-»!
Time
Figure 3-30: Two Synchronous repairablecomponents
SYNC1 System Damage/ Repair Cycles
@
g /
E )
0 o S Max Damage Line
(=]

— — Component-1 (individual damage behavior)

— —Component-2 (individual damage behavior)
—— Component-1 (damage behavior within system)
—— Component-2 (damage behavior within system)
== System damage behavior

Sys-TTRI ey
, I=TTR1
< Sys-TTF1=TTF1 >l > Al‘ >
TTF2 < TTR2
Sys-TTF2 1
Time

Figure 3-31L: SYNC1 System damage behavior of two components

A repairable system of the two components showikigyre 3-30 would have a
minimum accumulated daage as presented Hyigure 3-32 ; this system damage

behavior will be referred to as Synchrond@j$SYNC2 damage model is a representation
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to a system damage behavior where component functionality is bapkbganother
one, so the failure of the system happens when both of the two components fail at the
same time.

SYNC2 System Damage/ Repair Cycles

=

————— Max Damage Line

— Comp t-1 (di for within system)
—— Component-2 (damage behavior within system)
== System damage behavior

Damage

TTF1 le TTR1>

TTF2 { < TTR2-»|

Time

Figure 3-32 SYNC2 System damage behavior of two components

A system damage behavior that is preséntvith plots similar taFigure 3-31
and/or Figure 3-32 allows design engineers to make decisions about maintenance
intervals and the levels of component reliability needédure 3-33 and Figure 3-34
show complete Synchronous systems cyBNC1 & SYNC2, where system damage
starts at zero and ends at zero. At the end of a complete system damage cycle, the
functional value of the system is essentia

functional value and replacing it with a new one might be a better choice.
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SYNC1 System Damage/ Repair Cycles

A

[System functional value=0

Damage

----- Max Damage Line

== System life design goal (tg)

— Component-1 (damage behavior within system)
—— Component-2 (damage behavior within system)
== Syatem damage behavior

Time

Figure 3-33: SYNC1 Damage model of twocomponents; plot shows system failure events

(highlighted by arrows), besides the time when system functional value reaches zero

SYNC2 System Damage/ Repair Cycles

“[system functional value=0

----- Max Damage Line

—— Component-1 {damage behavior within system)
—— Component-2 (damage behavior within system)
== System damage behavior

== system life design goal (tg)

Damage

Time

Figure 3-34: SYNC2 Damage model of two components; plot shows system failuexents

(highlighted by arrows), beside the time when system functional value reaches zero

3.4.2 Asynchronous Repairable Subsystems

Asynchronous damage is described in sect®B.2 an example of two

Asynchronous damage type compat system, where the two components are
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accumulating damage sequentially, will exhibit the damage behavior showiglme
3-35.

A repairable system of these two components would have a maximum
accumulated damages presented blyigure 3-36; this system damage behavior will be
referred to as Asynchronods ASYNC damage model is a representation to a system
damage behavior where all components has to fail for the system to fail. It can be
observed fronFigure 3-36 that the damage behavior of componr2rdtarts at the time
componentl fails. The system transition from compondnto componer® has not

effect on system functionality.

ASYNC System Damage/ Repair Cycles

Damage

----- Max Damage Line
-==== Component-1 (individual damage behavior)
-==== Component-2 (individual damage behavior)

1
I
|
|
|
|
[
[
|
|
r
I
\
\
\
\
\
\
L
\
\ TTF2

TTF1 TTR2 |

TTR1

Time

Figure 3-35. Two Asynchronousdamage repairable components: linear damage progression

behavior
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ASYNC System Damage/ Repair Cycles

----- Max Damage Line

—— Component-1 (individual damage behavior)
—— Component-2 (individual damage behavior)
=== System damage behavior

Damage

TTF1 TTR1 TTF2 TTR2

Time

Figure 3-36: ASYNC System damage behavior of two components

3.5 Reliability Process Overview

Figure 3-37 shows how the mechanistic reliability evaluation process is integrated
with Systematic Design. Axiomatic Design was utiliZed design synthesis asutlined
in section 3.1 Figure 3-38 shows the synthesis of the design reliability validation
algorithm in a flowchart; the colaroded table on the middle shows the field type or
process the activity belongs tbhe flowchart outlineswo phases of the design process;
the first phase, at the top of the flow chart, proside assessment to components and
their associated systebeforejoints and system assembly structuvere realizedthe
lower portion is showing the reliability evaluation process with joints andstersy
assembly structure. t aparent that the two processes are ainahd it can be repeated
whennew realization about the system design is recognized

The synthesis of the MDR\process as shown byFigure 3-38, shows the

following attributesand steps
121



1 Design Synthesjswith the following steps:

o Identify (or update) system operations
Construct (or update) functional structure
Develop(or update) |==| matrix

Construct (or update) Assembly structure

o O O O

Develop(or update) 5 f matrix;, Multiply |==| 3 fo producel
(or update) E F matrix
1 Output of the Design Synthesiaterpreted by system analyst, is:
o0 W-Relationships
1 System gperts interpretation taN-relationships tgroduce:
o D- relationships
0 H-relationships
1 Evaluate cormponent reliability by executing the mechanistic reliability
algorithm on componentsuging Drelationships) and damage model
parameters
1 Develop system damage statement TTF staternsimtgH-relationships)
1 Evaluate system reliability

This process runs inlaoping cycle; the process needs to be rerun whenever new
information or design relaizaition has been identified. Each of the five attributes
highlighted by the color codes are independent of each other and resemble MDRV

framework main elements.
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1

Task
Market, Company, En

Plan and clarify the task:

« Analyze the market and the company situation
+ Find and select product ideas

+ Formulate a product proposal

+ Clarify the task

+ Elaborate a requirement list

)

Requirements list

» Evaluate the system reliability

-

¥

System Avaiability Assessment:
Run Qualification Analysis:

Prepare production and operating documents:
« Elaborate detail drawings and parts lists

|
|
|
|
A
! (Design Specification)
l ' C
Acceptable Stress Level Assessment |
Run Qualification Analysis: | —
» Identify product usage rate from requirement list Develop the principle solution:
« Identify possible materials from experts knowledge | * Identify essential problems
» Identify stress type from functional structure » Establish function structures .
« Identify material damage model from damage madeling database | + Search for working principles and working structures
= Identify usage weighing factors from experts knowledge » Combine and firm up into concept variants
Run Quantification Analysis (Backward Analysis) | * Evaluate against technical and economic criteria
- assess acceptable stress level magnitude | ‘
7 |
-~ A Principle Solution
¢ -~ ! (Concept)
C ! e
Run Qualification Analysis | F
= Identify product usage rate from requirement list | Develop the construction structure:
= Identify material damage model from damage madeling database = N iminary form design, material selection and calculation
Run Quantification Analysis (Forward Evaluation Analysis) 8 T » Select best imit layouts
= Develop primary W-relationships & D-relationships « Refine and improve layouts
= Run single component reliability analysis T » Evaluate against technical and economic criteria
— | Y
F = P Z 4 Preliminary layout
System Reliability Assessment: |- | T
Run Qualification Analysis: H
« Identify functional relationships from functional structure f | *
« ldentify material damage model from damage modeling database 3 | Define the construction structure:
= Identify physical relationships from assembly maodel (Preliminary layout) : « Eliminate the weak spots
Run Quantification Analysis (Forward Evaluation Analysis) [ I Check for errors, disturbing influences and minimum costs
= Develop functional relationship matrix ~“p—8 < Prepare the preliminary parts list and production and assembly documents
= Develop physical relationship matrix |
+ Develop universal relationship matrix {OCI} *
« Update W-relationships and develop H-relationship A - Definitive layout
|
|
|
|
J—

« Identify repai VS. NON-|

from reguirement list

= Identify material damage model from damage maodeling database
= Identify system failure behavior from universal relationship matrix
Run Quantification Analysis (Forward Evaluation Analysis)

+ Run system availability analysis

Figure 3-37: Integration of the Mechanistic Reliability Evaluation to Systematic Design

* Complete production, assembly, transport and operating instructions

« Check all documents

Product documentation

Upgrade and improve

Planning and task darification l-—

design

t Design

1 of production ——————————p

Optimization of layout

ion of principle
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Recognize System Operations:
o}

I Develop System Functional Structure
& Operation Paths

l

[ Develop Functions Order Matrix [OF]:
{O}=0FX{F}

Recognize components
delivering functions

Couple Functions to Components:
{FI=FCX{C}

Recognize compenent:
usage, stresses, material
parameters

Recognize operations/ components functional coupling
Evaluate OCM:
OC=0FXFC

set
affecting operations affecting from
from [OC] rows [OC] columns

Develo Develop
Werelationships D-relationships

MDRYV prior to identifying subsystems physical interactions ————»

Develop
H-relationships

PR —

[ Develop system assembly structure ] DeSIgn,
Synthesis
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kel Knowledge 2
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Figure 3-38: Synthesis of the mechanistic reliability procesgbefore and after components

interactions recognized)
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Chapter4Met hodol ogy Demonstrati on

In this chapter, the mechanisbased desigintegrated reliability validation
framework will be implemented to a generic example to explore the capabilities, potential
and limitatons of the frameworkThe knowledge and processes outlinedCimapter 3
will be exercisedstarting from designsynthesisprocessegsection3.1) andfollowed by
a systenreliability assessmentienronstrationfor the generic examplésection4.2).The
reliability assessment procedure will focus on system reliability; detailed integration of
component mechanistic reliability to design is presente@hapter 5 (Case Study
Observations will be highlighted during implementatiortlod frameworkand simmary

of lessons learng@ectiond.3) will be providedat the end of tachapter.

4.1 SystemSynthesis

Synthesizingdesign of ageneric systemusing the knowledge and processes
outlined in sectiorB.1 will be exercisedn this section. iesystem examplstarts from a
conceptual functional structurand progresses uhta system assembly structure is
realized. Thedesignsynthesis process will extract, structure and formulized the required

information and relationshipseeded to validate the system reliability

4.1.1 System Design Phasé: Conceptual Design

(Figure 4-1) shows a functional structure fa&@ mechanical system that was

designed to meet the four operations present&wgure4-2
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Figure 4-1: Functional structure for a mechanical system example

0,,0;

Figure 4-2: Functional structure with operations that will be executed

The operationgunctions coupling relationships frorigure4-2 are modeled with

alinear system presented lguationd-1 andEquation4-2;

0 |= 3 O Equation4-1
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The following assembly structural model was developsda fir$ conceptual

solutionto satisfy the functional structure presenbgdrigure4-2.
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Figure 4-3: Assembly Structure; Components realization

Using the assembly strusct shown by Figure 4-3, functionscomponents

coupling relationships are developed and presdméthuationd-4 andEquation4-5.
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The operationscomponentsfunctional dependencies can be realized through

multiplication of F3ands F as showrby Equation-7.

6 Ffp 0
Equation4-7
FF Fa 3 F

At this stage of the design, the obvious component interactions that can be
observed fronthe structural model shown iRigure4-3 would befineighbohoodbased
interactions; these interactions need treate strgses (i.e. stimulus) that causes or
influence damaging effectdetween component® be included ina neighborhood
interaction matrix In relation to mechanical fatiguelamage the stress under
consideration is mechanical strebighborhooéeinteractions argresented fothe ten
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components systei Equationd-8, Equation4-9 andEquation4-10; E represents the
first realizd neighborhood interaction.h e componentsé vector
needed to identify the context of interaction; the superscript used for the interaction

matrix is torealize the type of interaction.
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For the firstsystemdesign, E e ; i.e. the only realized interactionso far
are neighborhoethased onedvultiplication of F3,5 fand k leads to thdirst realized
opemtionscomponent coupling |= F L. as presented bEquation4-11 and Equation
4-14.

0 |= F L5

Equation4-11

FFE F3 9 F &

Equation 4-14 functional dependency parameters, recognize the subsystems

presented ifEquation4-12
Y 0

Y 0O

~e

'Y SN oM OfEAaaEdE 0o QE

v 5
oy N
oy 5
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The functional dependencies between operations and components at @hhgesystem design is:

9 0 b 6 T 6 6 T 6 6 o 6 T n O
L T 5 6 T 5 &6 o6 6 T T o0
@ O ¢ o O O T 0 O Tt L 0 © T
w 6 T n Tt n Tt Tt n °© 0
Components coupling with operations is presemtital:
6 6 O 6 6 o6 6 O 6 6 O 6 6 O 6 6 © 6 6 O 6 6 0O b6 6
bt :;c? 6 O 6 6 '©OO6 6 O 6 6 O 6 6 O 6 6 O 6 6 O 6 6 O o b
F=% 6 o 5 6 06 6 0O &6 6 0O & 6 0 6 0 656 O & O 5 6 ©
W 6 0 b 6 O 6 6 © m m
i 66 O 6 O 6 ™©O 6 6 O 066 O 6 © 0 6 ()
8 n 8606 O 6 ©O 6 ' 6 6 0 66 O & O 0 (0}
6 6 0 66 O 6 © m 6 6 © 6 6 0O 6 6 0O o
T i T Tt
0 6 ©O 0o o
8 0 6 © 5 6
0 6 © 0o o
0 6 O o6 6 (¢}
If interactions between components are not considered:
H 6 05 86 O m 6 6 O m 8 6 O0d 6 O m n 6 06
E L 6 05 6 O n 6 6 O T 6 6 08 & © n n 6 6
F=% 6 05 6 08 6 O T 6 6 © T m 6 6 © T % &
w 6 O m mn T n m s n o 0 0 T

(el eNe)

Chv v o v

Equation

4-13

Equation

4-14

Equation

4-15
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4.1.2 System Design Phas@: Realizing Environments

System boundaries and externavieonments are réided and embedded in the

system representation showrFigure4-4.

Figure 4-4. System boundarybeside one environment(E), is realized

External evironmentbasel interactions can be captured and modeled as shown
in Figure4-5; the arrows show the flow of stimulushe environmenand componend
have two-directionalimpact oneach othercomponent®d and0 has onedirectioral

impacton the environment.

- System Boundaries — — - — — — — —— —— \

[@rgmmmm
o L

e I

Figure 4-5: System interactions with environment, first layer of realization
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The environment is also recognized as a compone@t, that is needed to satisfy
functions: "ORORO.,(Figure 4-6). An updated 3 Fis presented irEquation4-16 and

Equation4-17.
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Figure 4-6: Realizing environment functionalinfluence
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The environmeninteraction matrix at this design realization stage is presented in

Equation4-22

z
° « 9 Equation4-18

e o
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Expanding the systenuniversalinteraction matrix to include thenvironment

interaction matriXeads to the systespresentedby Equation4-22 andEquation4-23.
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Equation
4-23

3
204433393050
43333300 g0 3
9333303503 3
53330353033
2303353033 =
93303530333 3
O4350=aa==3 4
O452=20a=a==
35333333303

3009999933

o U

Updating |= Fat this stage of design realization is presebteBquation4-24 and

Equationd-26.

l:I:JE }::1 3 F £ Equation4-24

Equation4-26 recognizes the subsystems presenteBduyation4-25.

Y ©O
Y O
Y O

Y 6mM
. Equation4-25

N B
AV
AV
SV
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The functional dependencies between operations and components &2 ph#isesystem design is:
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Components coupling with operations at ph2se presented with the following system:
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4.1.3 System Design Phas8: Embodiment Design
Adding Joints

At the embodimenstage of system design, physical joints can be dpeel and
the system can have a realizpllysical shapewhich is presentedby the assembly

structurein Figure4-7; this representation can be in the form of a CAD model.

4
5

cl}—‘fczc
4._‘(:

.

& Couple
@ seoure
@ rosion
A Guide

Figure 4-7: System assembly structure

Including the environment a& component is presentad Figure 4-8. Special
recognition was given toepresenting environmengtimulus Dotted arrows specially
recognized environmental interactioral interactiors that are not neighbboodbased

can be presentesimilarly.
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Figure 4-8: System components and environment interactions

Graphical presentation to functional couplingused bythe addition of joints:
VR R to the mechanical systeis presented ifFigure4-9. An update tog fto take
into account the system expansion by adding structural joints is preseriggiation

4-29.

Couple

Position

L 4
. Secure
]
A

Guide

Figure 4-9: Update to functional, structural interrelations to the system after adding joints
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Updating the interactio matrix is needed due tihe addition of three joints:

VR R to the system assemblstructure Equation4-31 and Equation4-32.shows the

updates.
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Updating F Fand [ F kto captureinteraction matrix k effects,is presented

in Equatiord-34 andEquation4-35.

l:f: £ }::1 3 F £ Equation4-33
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The functional dependencies between operations and components &8 plhése system design is:
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Equation4-34 recognizes the subsystems presentdthuration4-25

Y ©O
Y O
Y O

Y 6mM

Y 6

Y © Equation4-36
Y O

Y O

Y U

Y U

Y v

Indirect Stimulus between Components

One additional mechanicatress iqdirect stimulus) betweend and 6 was
recognized at a latstage of the embodiment desigthe interaction was captured and
presented inFigure 4-10. Componentsdé stimulus i nter aci

Equation4-37, Equatiord4-38 andEquation4-39.
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Figure 4-10: Updated assembly structure with stimulus
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MDRYV framework captures thedamage stimulusynthesisusing interaction
matrices EhEhAE, and £ during different development phases of the system design.
The relationships between operations and components for the finalized design form are
presented b¥quationd-41 andEquationd-42. At this stage of the desigri= F |= F
the operationgomponents functional coupling relationships did not get affeeteg
1 F-

FFE F3 3 F E Equationd-41
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4.2 Reliability Assessment
The focis of the reliability assessment ihis section will be on assessing the
systemsynthesis developed during the previous design ph@segter 5 (Case Study

will focus on MRDV integration to componendesign.

4.2.1 Component Reliability: Design Phasel

At this phase of the design state initial-r@lationships can be realized, using

Equation4-13, the following relationships are realized:

0 6 M
0 6 M
Equation4-43
0 6 M o
0 6 M

H-relationships would be defined lilge system designer; a system operational
descriptive model will outline these relationships in more details, logical description is

presented ifEquation4-44:

0 0O O O 0" o0 0
0 0O 0O O 0" 0 o]
Equation4-44
0 0 0O O 0O O
0 0.0
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UsingEquation4-14, the following damage relationships can realized

6 0 b A

6 0 O A

0 0

6 o

0 0

Equation4-45

6 O R

6 O R

0 0

0 0

o} O R

The following TTF distributions can be realized frabquation4-45 system of

relationships

"YYO ¥ vy vy hy
YYO ¥ vy by hy
Equation4-46
VO ¥
YYO ¥ hy

148



VYO v

YYO ¥ hr
YYO ¥ hr
NYO ¥
NYO ¥

~

YYO ¥ hw hr
where:"Y"Y"& Time to failure of component

¥ k damage of componend caused by operation

The system operational reliability statement is presentétjiration4-47 where
O represents time variable,0 represents operationwgical statementand 0
represents matergmbetused br design
Yo Yo, 0, 0, 0h0 Equation4-47
The reliability statement shows all operations are equally important to the system
user.The stress distributions on componeats presented imMable4-1; the stress cycle
duration is presented ihable 4-2; material damage modglarametersare presented in

Table4-3 and ystem annual usage presented imable4-4.
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Table 4-1: Components Stress Distribution, pdf distribution for different operations

Component m m Stress (MPa)" m
0 0 0 0
0 LN(3.91,0.0500] LN(4.57,0.0998) LN(4.25,0.0699) LN(4.20,0.0799
0 LN(4.53,0.0599] LN(4.29,0.0500) LN(3.22,0.0400) LN(3.49,0.0599
0 LN(4.09,0.0998
0 LN(4.02,0.0799) LN(3.87,0.0699
0 LN(3.9,0.0799)
0 LN(4.78,0.0799] LN(3.91,0.0500
0 LN(4.22,0.0699] LN(4.46,0.0898
0 LN(3.85,0.0898
0 LN(3.63,0.0898
0 LN(4.72,0.0699] LN(4.29,0.0699) LN(4.47,0.0898

Table 4-2: Stress cycle duration; pdf distribution for different operations

Stress Cycle Duration (hrs)

6 5 6 0
LN(-0.92,0.0200)] LN(-0.11,0.0300)| LN(-4.61,0.0400)] LN(-2.30,0.0100)

Table 4-3: Material Fatigue Properties: Two parameters are needed, pdf distribution

Fatigue Strength Coefficient (MPg 0+’ LN(6.55,0.0100)
Fatigue Strength Exponent b -LN(-2.15,0.0100)
Fatigue Ductility Coefficient | U'| LN(-2.00,0.0100)
Fatigue Ductility Expaent c -LN(-0.90,0.0100)

Table 4-4: System Usage; pdf distribution for different operations

Operations System Usage (Hrs/yr|
0 LN(4.61,0.0100)
0 LN(5.52,0.0150)
0 LN(5.77,0.0100)
0 LN(5.98,0.0100)

The data fronTable4-1 Table4-2, Table4-3 andTable4-4 were used as inputs
to Compoent Reliability Assessment Matlab codsppendix B.): the TTF outputs are

presented iMable4-5. Figure4-11 shows some of the Matlab code outputs for one of the
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componentsFigure 4-12 presentsthe LognormalMaximum Likelihood Estimationto

TTF reliability function.

Table 4-5: Component TTF distribution and Reliability at design time goal

TTHHTrs.) Reliability at
Component - (Tg:5E6yHrs)
E(TTF) Distribution

0 1.0883E7 | LN(16.0518,0.5493) 0.8731
0 1.2957E8| LN(18.6604,0.1968) 1.0000
0 9.8095E8| LN(20.6486,0.3329) 1.000
0 2.9797E9| LN(21.7899,0.2246) 1.000
0 7.5375E9| LN(21.8764,1.3166) 1.0000
0 5.4016E6 | LN(15.4045,0.4422) 0.4815
0 7.0247E7 | LN(17.9073,0.5661) 1.000
0 1.2474E10 LN(23.1356, 0.4717 1.0000
0 1.5590E10 LN(23.4660, 0.0875 1.0000
0 1.0958E6 | LN(13.5061,0.8954) 0.0161

7:‘ p 1 Failure Mechanism-1

TTF Samples
——UFP
—e—LFP
— = -TTF from Medians
Tg

Figure 4-11: Mechanistic Reliability Algorithm Outputs
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T T
Component Mechanistic Aigorithm TTF data output
Component Mechanistic Algorithm TTF data LN it 1

i
1
1
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1
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‘:\
™
1
1
1
1
1
1
1
1
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1
1
1
1
1
1
1
i
1

Figure 4-12: TTF Reliability Function vs Lognormal MLE Reliability

4.2.2 System Reliability: Design Phasd

Equation 4-12 recognizes the sets ggented inEquation 4-48 as subsystems
candidates because they deliver the same set of functions. The following subsystems are

realized by system analyst:

SV
V"

Y o6

'Y 68 Equation4-48
Y O
Y O
Y O

This method can be helpful for the system analyst tozeealibsystems, for the

system designer this is a trivial activitysing Equation4-44, the subsystemesultant
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damage can be realized from components damages interrelationship, as shown by

Equation4-49:

¥ nn'EA hy Equation4-49
¥ ¥
¥ ¥
¥ ¥

where:¥ k subsystem™Y damage
¥ k componentd damage

System damage statement can be assembled from subsystems damage

relationships as shown Equation4-53:

~

' nnEA r hy

~

¥ AN EANEA Iy e by

” - .~ . . . Equation4-50
' nNNEA hh fMnEA v hr
¥ nn'EA he
¥ nAEA I MO EA v iy by
¥ nﬁEAr e ﬁ’] ﬁ EA hr v hr Equation4-51
¥ nnEA hr
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ffCEAY BAN A B ) R CEAY FAQ A CERAR CEA Re fr B Equation
4-52

NAERNEAX v r  hy

System damage statements can also be developed from subsystems realized by

Equation4-49
Equation
4-53

n A EAY HAR fBA M 7 EAY BAR AAEY M A EA by by

Probability spaces for subsystems composed of more than one component need to

be created before assessing their TTF
VO YYO
YO YO
YYO A RTE® Ol A3BYNEAYTEYYO
YYO nfRTER Ol A3BANBA YO Equation4-54
VO YYO
YO YO
NNV YO
where: "Y'Y'Qx Time to failure set of subsysteniY ; set of random TTF samples

generated from a known time to failure distriion
"Y'Y"Gx Time to failure set of component ; set of random TTF samples

generated from a known time to failure distribution
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0 OT A 3Ipd@nfoperator on sets of random numbers, it generates set of sets of

all possible combinations of inpsets elements.

YO
nATEDOI A3EANBAN N "B20T A3 BYABA Equation
nRED O A3BABAN R "B201 ASHAKEN O A3 YANBAYEYYOh 455
nnQED N3 DAY, R ED O A3 YABA YO HRYYO
A graphical representation, as shownFigure 4-13, can beer organize and
elaborate these relationshipSach (ProbSpace) node create sets inputS$Yo6IC1,
SYNC2or ASYNC operators.
Based on the initial systerRigure4-13, reliability representation the TTF density
function was evaluad as LN (16.0640, 0.4789); the reliability of this system at

5,000,000 hours is 0.9090.
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ProbSpace

[ | ]
TTFC2 ASYNC TTF10
[T [rse ) [/

PrubSpace

;Prob Space ProbSpace

/TTFC“ /TI'ch /'ITFU /TTFca /SYNCZ/

Figure 4-13: Graphical representation to component/system TTF functionabased

relationships

Pdf{TTFsvs) A SYNC1=LN{16.0640,0.4783)

[ 1

TTFes ASYNC=LN(17.0373,0.1923)
LN(16.0518,0.5493)
ProbSpace

[ 1
SYNC1=LN(13.5674,0.8581)

ProbSpace

[ | 1
TTFe ASYNC=LN(19.3476,0.2743) TTFew
LN(18.6604,0.1968) LN(13.5061,0.8954)

[ 1
SYNC2=LN(16.9491,0,9344) SYNC1=LN(19.2114,0.2740)

TTFes
LN(16.9967,0.1981)

il

TTFcs TTFes TTFer TTFee SYNC2=LN(21.9742,1.2722)
LN(15.0920,0.2543) LIN(15.4045,0.4422) LN(16.8456,1.0570) LN(19.2219,0.2728)
PmbSpace
/N[]S ESEDOSDSS) /N{?l 8764,1.. 3166,/

Figure 4-14: Design Phasel: System TTF Reliability Analysis

156



4.2.3 Component Reliability: Design Phase2 & 3

At this phase of the desigirocessW-relationships can be modified to include
thedesign synthesis expansion caused bydh#ézation ofenvironmeng andthe addition

of joints; usingEquationd-34, the following relationships are realized:

0 o o M R R R
0 o o R R

Equation4-56
0 o K D

0 o hd
Thefatiguedamage relationfEquation4-57) areused torecognize the damaging
operations affecting eadomponent. Qh s arelation, coupling componentf2 with
the relevant damaging operations causing failure mecharf@rfor the example below
(Equation4-57) the "Q notation was omitted because one falunechanism is being

assessed.

Equation4-57
o) O ) R
o) O ) R
0 0
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6 0 R R
0 O R
0 0

0 O M

Time to failure distribution for componentQ “Y"YO, is realized from the

damage generated from the sebpérations affectingd asshown inEquation4-58.
YYO ¥ hw hy hy

YYO v hw o hw o hw

YYO ¥ hy hy
YYO ¥ hy hy
Equation4-58
YYO ¥
YO ¥y hy
YYO ¥ hy hr
YYO ¥ hv hr
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YYO ¥ hv he hr
YYO ¥ hr hr
YYO ¥ hr
O

YYO ¥ hr hr

The updatedstressprobability distributionsare presented imable 4-6, the stress

cycle duration is presented Trable4-2.

Table 4-6: Stress amplitudes for system components; pdf distribution fosystemoperations

Componen

Stress (MPa)

5

5

U

5

(@}

LN(3.91,0.0500]

LN(4.57,0.0998

LN(4.25,0.0699

LN(4.20,0.0799

LN(4.53,0.0599)

LN(4.29,0.0500

LN(3.22,0.0400

LN(3.49,0.0599

LN(3.61,0.0699)

LN(4.46,0.0500

LN(4.09,0.0998

LN(4.02,0.0799)

LN(387,0.0699)

LN(4.34,0.0350

LN(3.99,0.0799

LN(4.78,0.0799)

LN(3.91,0.0500

LN(4.22,0.0699)

LN(4.46,0.0898

LN(4.03,0.1295

LN(4.17,0.0699)

LN(3.64,0.0699

LN(3.85,0.0898

LN(4.52,0.0500)

LN(3.33,0.0699

LN(416,0.0200)

LN(3.63,0.0898

0% 0:| O:| O:| O:| 0| O | O | O=

LN(4.72,0.0699)

LN(4.29,0.0699

LN(4.47,0.0898

LN(4.60,0.0699)

LN(4.87,0.0400

LN(4.49,0.0998

c-|C-|C-

LN(4.38,0.0799)

LN(4.25,0.0699

LN(4.50,0.0599

Thedatafrom Table4-6, Table4-7, Table4-2, Table4-3 andTable4-4 wereused

as inputsto Component ReliabilityAssessmentMatlab code(Appendix B.): the TTF

outputs are presented Trable4-7.
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Table 4-7: Component TTF distribution and Reliability at design time goal

Component TTF (Hrs.) Reliability at
— (Tg=5E6 Hrs
E(TTF) Distribution
0 1.0883E7| LN(16.0518,0.5493] 0.8731
0 1.2957E8| LN(18.6604,0.1968] 1.0000
0 2.6214E7| LN(16.8980,0.6063] 0.9924
) 3.7019E6| LN(15.0920,0.2543] 0.0952
) 7.5375E9 | LN(21.8764,1.3166] 1.0000
0 5.4016E6| LN(15.4045,0.4422 0.4815
0 3.6187E7| LN(16.8456,1.0570] 0.9105
0 2.3127E8| LN(19.2219,0.2728] 1.0000
0 2.4552E7| LN(16.9967,0.1981] 1.0000
0 1.0958E6| LN(13.5061,0.8954] 0.0161
0 9.2202E7| LN(18.2892,0.3170] 1.0000
0 2.2306E6| LN(14.5961,0.2082] 3.4269E05
0 9.6156E5| LN(13.6705,0.4599] 6.8242E05

4.2.4 System Reliability: Design Phas@ & 3

Equation 4-34 recognizes the following setgEquation 4-59), as subsystems
candidates:6 5 6 MM and 6 B B becausehey deliver the same set of

functions; the following subsystems are realized by system analyst:

Y o]
Y 0
Y o6 m
W v~ Equation4-59
Y o
Y 0
Y 0

Using Equation 4-59, the subsystem resultant damages can be realiped fr

components damages interrelationship, as shovigogptiond-49
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. L Equation4-60
¥ nneEA

¥ ¥

¥ ¥

System damage statement can be assembled from subsystems damage

relationships starting with recognizing Asynchronous damage relationships as shown in

Equation4-61:

¥ QACEA FARACERA M ACEA RAR R CBAR R Equation
4-61
The system damage statent can be extended to the component level using

Equation4-60 statements and projecting that knowledge iBtuation4-61 to produce

Equation4-62
¥ nnQEAY HAR QB h

nAEAY FANAQER] EA Ry fy h Equation
4-62

Probability space (ProbSpace)for subsystems composed of more than one

component need to be created before assessing their TTF
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VYO “YY'O
“YY'O YY'O

"YYO AR ERD O A3BABAXYHEY YO

~ R o = Equation4-63
“Y'Y'O r] I‘] "EN O A3SEYNBAYEYYO
VYO YY'O
VYO YY'O
VYO
nAEDN OBAANXNAGAR N BAOT A3 NABA
h r] "EA Ol A3 BYABA Equation4-64

AN A CEOT ASHAEND O A3 BYABAYEY'YO h

nAED O A3EABAYHEYYO HYYO

Figure 4-13 shows graphical representationttee damageystem presented by
Equation3-54 and Equation3-55; joints are not included in this chaAfter joints were
added to the systerjgure4-16, the TTF density function was found to be LN (16.0313,

0.4968); and the reliability of this system at 5,000, hours is 0.8889.
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ProbSpace

/TTFSJ/ /TTFC?/ /ASYNC/ /TTF“-N/
ProbSpace

ProbSpace

/TI'F“/ /T‘rFCE/ /TI'FC7/ /TTFCE/ /TI'FC5/

Figure 4-15. Graphical representation to component/system TTF structuralbased

relationships; i.e. joints are included

PAf(TTFsys) & SYNC1=LN(16.0313,0.4968)

f— ASYNC=LN{17.0217,0,1837)

LN(18.0518,0.5493)

RS SYNC1=LN{13.1584,0 5498)

LN(16.9967.0.1981)

TTEs e “ASYNC=LN(19.3487,0.2694) —
LN(13.6705,0.4599) LN(18.6604,0.1968) LN(13.5061,0.8954)

-SVNCZZLN(IQ 2195,0.2777)

SYNCL=LMN(14.5085,0.2076) TR
LN(19.2219,0.2728)

. B

J— SYNC2=LN(16.9491,0.9344) SYNC2=LN(21.9439,1.2077) J—
LN(18.2892,0.3170) LN(14.5961,0.2082)

g
[ I 1
TTFS TIFE TTFS TTES TTFSS
LN(15.0920,0.2543) LN(15.4045,0.4422) LN(16.8456.1.0570) LN(16.8980,0.6063) LN(21.8764,1.3166)

Figure 4-16: System with joints TTF Analysis
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4.3 Summary and Lessons Learned
The designentity went through many iterationas it progressed from conceptual
design to embodimerithe following stepsvere followed for every design iteratiog :

Identify (or update) systewperations
Construct (or update) functional structure
Develop = matrix

Construct (or update) Assembly structure
Develop 5 g matrix

Multiply F3. 3 pto produceor update) | g matrix

= =2 =2 =4 A4 A -2

Identify subsystemsfrom |=;= (to be used for system reliability

assessmepand develop relationships

=

System Designer developsrilationships
Construct (or update) Assembly structure with assembly constraints,
joints, environments, and components indirect/ direct stimulus
1 Develp B, &, klandupdate: E b L
Multiply F3. 3 g kto produce(or update) F F Ematrix
Identify components/operations couplings frorﬁ |=;5;;;;|= columns (o be
used f or elabiify)oandadeveldp sielationships
1 Evaluate component reliability by executitige mechanistic reliability
algorithm on components using -f@lationships) and damage model
parameters
Develop system damage statement TTF staterfremt (-relationship3

Evaluate system reliabilityu6ing system TTF statemgnt
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W and Hrelationshipswvere very important to develop the damage relationships
which lead to calculate tim®-failure (TTF) for components and assess the system
reliability.

System damage statemtenwere very important to clarify the damage
interrelationships between subsystems @ndescribecomponentSdamage propagan
to cause system failur@he graphical representatidto system TTF statement allowed
clear view to show the impact of eachmqmonentT TF dstribution onsystenyeliability.

It was noticed a drop in system reliabilipe to the addition of joints. This
section did not assess component reliability confidence bounds (will be demonstrated in
Chapter %.

The design synthesis process is time consuming and prone tevheil®building
design matrices and executinghe symbolic matrix multiplications; developing a
Graphical User Interface (GUI)to the matlab scriptvould reduce the efforand the
likelihood of makingmistakes.

The component reliability assessmealgorithm @ppendix B.) run time
(especially withmore than twamperation} was too longo solve for componedt3TF;

i t @®mmended to use an equivalel@magestress approximationprocesswhen
applicable(Appendix A.1& Appendix B.3 to reduce simulation run time.

Confidence bounds were not assessethicomponents analyzed in this section
Chapter 5covers assessment of confidence bounds using bootstrap resampling on a case
study model. Due to the lack of data, the results of a system reliability assessment was

not compared to field TTF data this research
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Chapter5Case Study

5.1 Background:

An internal combustiorengine intakemanifold was used to further study ¢h
capabilities and limitations of MDRV The manifold structure supports an air
turbocharger; mounted on it throughboltedjoint. The internal combustion engine is
used to powean off-road equipment vehicle. fie vehicle is exposed td®25 different
operations representingaveraged customer usagé the equipmentThe mechanical
vibration created by the IC enginbesdes vehicle response tdynamic excitatios
created by the estnd environment while executing main systemperations creates
dynamic mechanical stresses on the manifold struthatdeads to mechanical fatigue
failure over time The case study will focus on assessing the reliability oihthaifold
structure umig MDRV methodology and compare the results to field dsiaRV will
start at the conceptual design phase awill progress to embodiment design to
demonstrate the integration of the mechamistocess to the design process.

During the embodiment desigmphase finite element modsl for the manifold
structurewere creaed toassess the mechanical stress/ time resp@is@me samples,
representing thesystemdynamic behavior were used to derive the FEA modlkk
engine manifold problem wadreatd as a &seexcitation vibration problem.
Accelerometes mounted onthe engine blockwere used to generate thgeragebase
displacemerittime data to feetb FEM. High-stressareas on the manifold structusere
identified for further TTF and reliability assesamtse Demonstratiorto the final design

expected reliabilityand comparison to field data is presented at the end of this ghapter
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besides a summary of lessons learned during implementing MDRV to this design

project
5.2 Implementation during Conceptual DesignPhase

5.2.1 Functional Structure Development

Development of a functional structure during the conceptual design provides the
reliability analyst a start point to assedge system and components reliability goals
Figure 5-1 and Figure 5-2 show different stages of the conceptual design process, only
the top level functional structure for power transmission is shown ese ttwofigures.
Figure5-3 shows a more detailed engine modelcomplete vehicle functional structure

is larger and more detailed than presented here.

Contain Channel Regulate Transmit Transport
Energy ME Energy ME Energy ]’ME Energy I—ME——{ Vehicle

Convert fuel to
mechanical energy

Emissions

Contain ME. Channel ME Regulate NE. Transmit ME. Regulate
Energy Energy Energy Energy Implement

Figure 5-1: Top level functional structure of an offroad construction equipment

An expanded functional structure with equipment operations is presented in

Figure 5-4 and Figure 5-5 below. Equation5-1 shows the operations/ functions order:

0 |= 3 O.
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— Signal :
contanminants !
2|
Air
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power generation
F12)

Convert
fuel to mechanical energy
(F13)

: v
E__I Contain I_ME__[ Channel M Requlate ]_ME Transmi E Transport
Eneray (F14) Eneray (F15) |_ —:“‘{ Energy (F16) _'| Energy (F17) '_ _’I Vehicle (F18) '_'

¥

ME. Contain E. Channel E Regulate ME. Transmit ME. Requlate
Energy (F19) Energy (F20) Energy (F21) Energy (F22) Implement (F23)

Emissions.

harmiul particulates
(F24)

Contaminanis
Fuel

iore
Contaminants
E;

Exhaust

Transpor
fuel {

Fuel

Fuel
Exhaust

Tannel
fuel

Fuel

oniam

fuel
Fs)

Fuel

Figure 5-2: Functional structure model for off-road construction equipment with detailed engine air intake and fuel delivery sutodels
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Control

machine (F11)

Air

Signal
Air N
EE I‘zmi'??ﬂ Actuate
ir (F3) power generation (F12)
Air
: ME
: Channel )
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: fuel to mechanical energy (F13) >
Regulate Fuel/_.
__________________________ s |
Emissions
Fuel l
Channel
fuel (F9) Separate
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ME Transport Store Exhaust
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Fuel
Extract Channel
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PR R,
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Contain
fuel (F5)
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Figure 5-3: Engine systemfunctional structure
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Figure 5-4: Vehicle functional structure with operation paths demonstrated
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0, Ab A A3 AY AE A8 Al AR AT 0 0
0, Ab A3 A3 A AF A5 Al AR Al AP 0
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1 2 3 4 5 ] 7 a 2 10

O Al Al A} At aAf AR Al AR a7 AP o
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0, A3 A2 A3 AY A5 A A7 AR A® Alh o
0 Ab AL A At A5 A5 A A2 0 0 0O (

8 8 8 8 a8 a8 8 8 8 1
Oq A5 A3 A5 A5 A3 A5 A7 A§ 43 0 0 F,
010 Afe Aly Al Al Afy A%, Al A%, A5, 0 0 F,
011 A}I A%: ‘4?1 A?l ‘4?1 A?: Ail A?: 0 Aﬁ 0 F4
P Al AL, AL, Al AL, AL, AL AL, 0 AR O D

— 1 2 3 4 5 ] 7 a8 1a .

1013 p = |41 Al Afs Al 4% Al A 4, 0 45 0| { -~ Equation51
014 Al AL, AL, AL, AL, AL, Al AL, 0 A 0 S

CJ15. Ay Ay Al Al AL AL, Al AL, 0 Al 0 I

016 Ale Als Ale Als Afe A Alg Als 0 A;f 0 T

0, At A3, A3, A}, Af, 4%, Al 4% 0 A% o H

0,5 Alg Als Al Al Afs ATy Ay A5y 0 A O P/

0,6 Aty A3, A3, Af, A5, A5, Al, A5, 0 Al o

(7 Az A3, Ay A, A3, A3, A, A5, 0 AR 0

0,4 An AR A% AL A3 A AL A% A3 AR 0

055 Az, A3, A, A3, A3, A5, AL, A5, 0 AY 0

055 Az A3y A3 Al A3 A3, Al A, A3 AN O

054 Az A3, A, A3, A3, A3, A, A, A3, AN O

LOggJ Aés A%s ‘4%5 A;; .435 Ags A;; Ags 0 0 0

5.2.2 Identify Product Usage

The vehicle expected custemusage is demonstrated Tiable5-1 andTable5-2.
Two types ofoperations are identified: continuous operati(iake long timedurationto
be executed), and discrete operationshdrttime duration evenis Driving a vehicleto
and from jobsitesis an example to continuous operation, whibrupt vehicle stopping is

a discrete operation
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Table 5-1: Vehicle Usage: Continuous Operations (percentage usage per hour)

Median Percentage
Continuous Operations Usage (per hour) | Coefficient of Variation
Operationl 16% 20%
Operation2 4% 15%
Operation3 35% 13%
Operationrd 8% 17%
Operationr5 2% 10%
Operationr6 10% 12%
Operation7 10% 17%
Operationr8 15% 13%

Table 5-2: Vehicle Usage: Discrete Operabns (events per hour)

Median Events Rate
Discrete Operations (per hour) Coefficient of Variation
Operationr9 0.125 15%
Operation10 0.125 30%
Operationl11 0.5 14%
Operation12 0.5 20%
Operation13 2 22%
Operationl4 1.5 15%
Operationl5 0.25 33%
Operation16 0.25 21%
Operationl7 1 30%
Operation18 0.25 15%
Operation19 0.25 17%
Operationr20 0.1 33%
Operation21 0.005 26%
Operationr22 0.005 17%
Operation23 0.005 18%
Operation24 0.005 19%
Operation25 0.25 13%

5.2.3 Product UsageDistribution

At this stage ofthe designprocessthe customer usage knowis just system

hourly usage as documentedTiable 5-3 and Table 5-4 below. Stress cycles cannot be
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identified at this stage of the design waith developing componentdesignforms.l t 6 s

recommended at this pteasf the design to recognizé&ess cycles as a design goal

Table 5-3: Vehicle Usage: Continuous Operations Design Goals

Median Coefficient| Median Usage
Continuous | Percentage of -10 years Std Dev
Operatons | Usage (per hour| Variation | (hrs) (hrs)
Operationl 16% 20% 4672 934
Operation2 4% 15% 1168 175
Operationr3 35% 13% 10220| 1329
Operatiord 8% 17% 2336 397
Operationr5 2% 10% 584 58
Operationr6 10% 12% 2920 350
Operation7 10% 17% 2920 496
Operationr8 15% 13% 4380 569

Total Time (hrs)= 6% 29200 1877

Table 5-4: Vehicle Usage: Discrete Operations Design Goals

Median
Discrete | Events Rate | Coefficient | Events count | Std Dev
Operations | (per hour) of Variation | 10 years (hrs) (hrs)
Operation9 0.125 15% 3650 548
Operation10 0.125 30% 3650 1095
Operationl1 0.5 14% 14600 2044
Operation12 0.5 20% 14600, 2920
Operation13 2 22% 58400| 12848
Operationl4 1.5 15% 43800 6570
Operationl5 0.25 33% 7300 2409
Operation16 0.25 21% 7300 1533
Operationl7 1 30% 29200/ 8760
Operation18 0.25 15% 7300 1095
Operation19 0.25 17% 7300 1241
Operation20 0.1 33% 2920 964
Operation21 0.005 26% 146 38
Operation22 0.005 17% 146 25
Operation23 0.005 18% 146 26
Operation24 0.005 19% 146 28
Operation25 0.25 13% 7300 949
Total (events)= 8% 207904 17661
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5.2.4 Material Identification:

For steel componentsSAE J1099 [75] matkrial datdbase will be used with
emphasis given t8 AE10990030caststeel samplewhich will further be used to design
the manifold structure The materialmechanicalproperty standard deviatian were
assessed from a different cast steel sang#=10990050A, which is expected to have
the same material variation at the long life side of the fatigue cuive standard
deviationsfrom SAE10990050A samplesare acceptable to be used to asséss and

0 but not suitable to assess and 0 due to the difference in material ductility
Table5-5 shows the material properties 8AE10990030cast steel.

In general more thanone materialfailure characteristicpropertieswould be
present to address the laftpossiblefailure mechanisig) shown inTable3-1. Damaging
stressesvould beany type of force driver to produce failurney are not limited to

mechanicatype stresses.

Table 5-5: SAE 1099, 0030 cast steel sample properties

SAE J109%roperties | (Median) | (std dev %)
Monotonic Properties

Brinnnel Hardness # BHN 137 7%
Yield Strength (MPa) dys ( 303 14%
Ultimate Tensile Strength (MPa) UTS 496 12%
Reduction in area after fracture (%) RA% 46% 16%
Monotonic Strength Coefficient (MPa) K NA

Monotonic Strain Hardening Exponent | n NA

Modulus of Elasticity (MPa) E 207000 0.45%
Engineeriny strain at Yield ey 0.003464 7%
True strain at Yield Uy 0.003458 7%
True Fracture Ductility Of 0.616186 18%
Cyclic Properties

Fatigue Strength Coefficient (MPa) a' f 655 17%
Fatigue Strength Exponent b -0.083 11%
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Fatigue Ductility Coefficient O f 0.28 66%
Fatigue Ductility Exponent C -0.552 15%
Cyclical Strength Coefficient (MPa) K' 738 17%
Cyclical Strain Hardening Exponent n' 0.136 10%
Cyclical Modulus of Elasticity (MPa) E' 207000 0.45%

5.2.5 Identification of Damaging Stresses

From the futional structure presented kigure 5-2 the only type of damaging
stressesidentified from the transfer of mechanical energye mechanical stresses
Functonal structuresarengtood r epr e smint tah @ ofncasatbéeimn a |
delivered Assembly sessesenvironmental stress&s stresses generated due to energy
conversion processese not captured during this phase of the design.

At this stage of the desigmrocessj t récemmended to develgiressarges for
relevantfailure mechanism and usethose targetsas guidance tmeetthereliability goals
of the design These stresdargetsare also valuable when selecting subsystems from
external sourcéssuppliers;they provide aquick check whether a component a
subsystem can withstarsgstemoperatioml demandsat the component lever not The
systemusagepresented imable5-3, wasusedto derive the cycle goals for the manifold
Considering variable cycle rate for differentteio factors 'Q , Table 5-6 shows the

stress goals for median SAE10003 cast steel materiptoperties usingquations-2

. P iU
Y AQDa— | I(')'_ Equation5-2
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A Matlab computercode, Appendix B.2 is used to run statistical simulations
using the median and standard deviation properties shovahle 5-5. 50 sample of
each parameter affecting and 6 , namely the fatigue strength coefficient and
fatigue strength exponent®, were used to run statistical simulation to generate 2500
samples of stresamplitudedor each of the cycle targets showrnTiable5-6. Lognormal
density and reliability distributions were generated from the statistical simulation results
Figure 5-6 and Figure 5-7 showthe PDF andY 0 results generatl for 58400 cyic e s 0

usage goalFigure5-8 shows stresamplitudesprobability density functions for different

cycle goals.

Table 5-6: Stress Goal Analysis using median SAE1099 0030 Properties

Cycle s per hour 1 10 100 1000 | 10000 | 1E+05 | 1E+06
Nf as a cycle goal

(100% damage, n=Nf) 29200 | 3E+05 | 3E+06 | 3E+07 | 3E+08 | 3E+09 | 3E+10
Nf as a cycle goal

(50% damage, n=_ 0.5 Nf) 58400 | 6E+05 | 6E+06 | 6E+07 | 6E+08 | 6E+09 | 6E+10

0 =1 263 218 180 148 123 101 84

Stress amplitudes ) =1 5 176 145 120 99 82 68 56

goal at 50% .
damage 0 =2 132 109 90 74 61 51 42
v =3 88 73 60 49 41 34 28
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Figure 5-6: Statistical simulation results and Lognormal probability density generated for
58400 cycles stress amplitude goals

Log-Normal Reliability Distribution for 58400 Cycles Usage Cycles Stress Goal
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Figure 5-7: Lognormal reliability distribution for 58400cyclesusagestressgoals
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Figure 5-8: Probability density functions for variable cycles/ stress usage goals

Stress/ Cycle Reliability Coal Contours for SAE 1099-0030 Cast Steel
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Figure 5-9: Reliability target contours for variable mechanicalstress and cycle goals

The reliability distribution curvesan be compiled with stress and cycle goals to
produce a thregariable contour plot These contour plots cabe used to design for

different known cycles, stressaamplitudesor reliability targets Figure 5-9 shows a
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reliability contour plot for SAE109903 steel cast materiakigure 5-10 shows how
reliability goals would be used for an engimeunted structureor the intakemanifold
case:cycles summation for 10yrs usage for a 2000 rpm engine speedfi® =(3.5E9
6.43%)cycles produced fronTable5-3 and Table5-4, with 3.795E9 cycles for the 90
percentile userThe stress goal fqp =1) is 74 MPa; for (0 =1.5) the stress goafsould
approximately be (@/1.5)= 49MPa for 90% reliability goal, Figure 5-11 shows,

graphically the process of identifying the stress target for 90% reliability goals

Stress/Cycle Reliability Goal Contours for SAE1099-0030 Cast Steel
T T T T T T

I [ === 95% Lower Reliability Confidence Bound

o
&
J 0 |

Stress Amplitude (MPa)

——— CDF- 10 yrs Usage

CDF
T T T T T T1

Cycles

Figure 5-10: 90% reliability stress goal for SAE1099003 cast steel material for 90
percentile usage population
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Damage Model Algorithm

Figure 5-11: Design stress targets: emergence out of componeMDRYV during conceptual

design phase

5.3 Implementation during Embodiment Design

5.3.1 Assembly Structure Development

Figure5-12 shows theassembly structure for the vehicle main systesimgethe
main focusof this case study is the assessment of the manifold struttare is no need
for adding model i ng det &ty dssssmentaoftthe dhandoddn 6t a
structure Figure 5-13 shows the assembly structure with the functional goals for every
component or subsystem presente@igure5-12. Equation5-3 and Talde 5-7 show the
functional/ components coupling relationships and the funcionponent coupling

matrix 5 . Table5-8 shows the system interaction matrik.
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Figure 5-12: Assembly Structure for Main Vehicle Systems
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Figure 5-13: Assembly Structure for Main Vehicle Sysems with Realized Subsystems
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Table 5-7: FC Matrix of the Off -road Vehicle in Table Format
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Table 5-8: Interaction Matrix of the Off -road Vehicle in Table Format

Componentgphysical entity)
'o|/o[0]0O0]0O]0]0 [0]o]o0 [0 |O
Componens
(tasks)
"0 /oy o000, 0]0O0O|]0O0O]|O]|]0]O 0 0
"0 O | 0|0 Oo| 0| 0] O0O|OC|O]| O 0 0
"0 oo o0jo|jo|o0|lO0O|0|lO|lO |O |O
"0 o,o0jo|©j0|]0|lO]|0O0|O]|O 0 |0
"0 0| 0|0O O] 0| 0|0]O0]|O 0 0
"0 0| 0|0O O] 0] ©OjO|0|0| O0]|O 0
0° 0Ol0]0O0 | O O/ o0o|]0O|0|0] O0]O |O
] o/ojo0|jo0o|l0]0O0|O0|]0O|0]|O 0 0
V] 0/O0 |0 O| 0| 0] O0O|0]0O] O 0 0
V] 0| 0|0 0 |0 ojo0oj0|j]O0O]0O]|O 0
V] 0|00 0| 0|0 |O O[O0 0] | O
V] 0O/ 0|O |O 0| 010 O[O0 O 0 | O

Matlab Symbdk Toolbox was used to multiplys f and L to producethe
E £ Ematrix; whichshows thatall of the enginesubsystems are affect by the 25

vehicle operations; In relation to the hydraulic system and powentrssisn, the impact

184



of all of the 25 operations is not accurate, the merger of all of their components into one
subsystembeside, the assumption that these two systems has physical interactions with
each other leato thisconclusion In general some dhe hydraulics system components
might not be affected by the functionality delivered by the mechanical power
transmission system.

If the system analyst is interested in one specific subsystem or companent
reliability; he needs to sufficiently capturdl @f its functionalities and interactions
besides the functionality and interactions of its surrouqndcomponents and

environments.

0s O M Mo Equation5-5

0s © 6 6, oM, 0 Equation5-6

Consideringthe [ g kcolumn relevant to thintakemanifold, shown inFigure
5-14, i t ious that dhe manifold reliability has impact on alperatios; it is
influenced by its neighboring relationship with the engine, turbocharger and the joints
connecting to both sidedNo other interactionsbesidesphysical neighboring were
identified inthis mode] to accurately tedhe manifold reliability it will be required to

testthe whole subsystem presentedrigure5-14.
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Figure 5-14: Manifold [ g k#levant column, first number index is the row number and the

second is the column number for example A197 is  (relating operation-19 and component7)

5.3.2 Intake Manifold Form Design

The body forces passing through the manifold structsr@roduced by the
dynamics response of the turbocharger inertia due to the engine base exd¢itgtion.
5-15 andFigure 5-16 show two schematic projections to the manifold problem; Since the
dominant vbration amplitudes are occurring along the lateral and vertical engine
directions, i.e. (YZ) plane, we can simplify the loading passing through the manifold as

a bending behavior influences by a dynasgt 3 "®8 "Q acceleration field & ;P

centered around the turbocharger center of gravity, éer ;P 3 "QHu3 "(X). The
dynamic responses of internal combustion engines are typicallysumeeh by
accelerometersnounted on the engine block. The& moment reaction at the joint

connecting the manifold to the engine block is presentédjirations-7.
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