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INTRODUCTION

Current design and development practices are conducted utilizing, for the most part deterministic

aon mathado GLarmrat Anon? Anaratine anndifiarng armrat Anoa? et acial o s oA
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“worst case” performance and result in a “worst case” assessment of design integrity. Because of its
high degree of success in past design programs, this “deterministic” method has become the accepted
practice in the design community to avoid in-service failures. However, advances in the ability to
analyze complex data now enables the distributional shape of a variable, rather than a single value, to
be used in existing design systems. Additionally, as many Aerospace, Automotive, and numerous
other industries become more sensitive to keeping costs low, minimizing weight, keeping high
performance, and maintaining historically high levels of reliability, current deterministic design practices
have become too conservative to achieve these goals. Therefore, a new methodology using
distributional data will be discussed in detail in the five major sections which comprise this document.
The purposes of this report are to:

1. Define and illustrate this new methodology

2. Point out the strengths and weaknesses of this new approach over the Deterministic Design
Process

3. Provide guidelines on the technical use and implementation of the new approach, and

4. Provide guidelines on the cultural issues involved in getting the new approach accepted by the
design community.

The increased demands placed on designs have prompted the Probabilistic Methods Committee of the
SAE G-11 Division (Society of Automotive Engineers for Reliability, Maintainability, and Supportability)
to thoroughly examine the current deterministic design process. One problem with the current process
is that only one single value of design integrity is calculated for a particular design variable. For
example, a “worst case” fatigue life is estimated. It is only known that historically, when “worst case”
inputs are used to calculate the “worst case” fatigue life, the design performs in the field with an
acceptable level of reliability It is not known whether this single point estimate is “close” to being
unacceptable or “far away” from an unacceptabie range. This is an important consideration when
trying to take weight out of a part, calculating the life of a part or allowing a part to operate in a harsher
environment.

The Probabilistic Methods Committee advocates a new and improved approach to complement the
deterministic design methods currently in use. The recommended new approach, described in the
following sections of this report, involves the use of probabilistic methods which will be integrated with
design methods and practices currently in use. Rather than providing a “worst case” measure of a
design’s structural integrity, the proposed methodoiogy wiil provide a statistical distribution of the
realistic range of values for a particular design variable. For example, instead of calculating a “worst
case” fatigue life, a statistical distribution of fatigue life will result from this recommended procedure. In
addition, sensitivities of the design variables to changes in life drivers will also be obtainable. Life
drivers are parameters which influence the values of the design variables. For example, a typical life
driver might be the material property of Modulus of Elasticity. An obtainable sensitivity would then be
the variability in fatigue life due to changes in Modulus of Elasticity.
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INTRODUCTION (Continued)

In order to produce these results, the recommended approach will use previously developed
probabilistic methods. Instead of specifying “worst case” values as inputs to the design process,
statistical distributions of these values will be used. By specifying reallstlc ranges of these input
variables to the design process, realistic values of the design variables coming out of the design
process will result. Probabilistic methods have been used successfully over the past several years to
assess the goodness of a given final design or to make assessments of risk to a design actually
operating in the field. Our suggested approach moves the use of probabilistic methods up to the early

stages in the design process so that they can be used by the designer to impact the design.

Design practices of most companies have always been, and will likely continue to be, very proprietary.
The way one company designs a part may be dramatically different from the process used by a
competitor for a virtually identical product. As such, our recommended approach considers integrating
probabilistic methods in many potentially different design environments which use different procedures
and tools. We realize some companies and institutions will be amenable to adopting some
modifications to their current design practices and tools as experience shows that they work. Others
will be adamant against anything new until that tool receives widespread use in the design community.
Our methodology is meant to complement both groups of thought. Namely, no matter what the current
state of the design process is at an organization and no matter what the reluctance to change the
design process is, our suggested approach can be used with it.

The Probabilistic Methods Committee in writing this document is not naive in expecting that these
recommended methodologies will be widely and readily accepted by the design community. There will
be, and rightly so, reluctance to adopt them. A final issue which must be addressed are the cultural
barriers which must be overcome in getting the design community to accept these methodologies.
This topic will be covered in a separate Aerospace Information Report (AIR). Finally, numerous case
studies which show the success of these tools will be illustrated. These studies not only indicate the
enormous amount of additional information which is provided to the designer, but also show the more

£, A A arhinklh Aran hn nrda hv tha AdAacinanar whan -
informed decisions which can be made by the designer when faced with decisions requiring trade-offs

between cost, reliability, performance, and weight.

In summary, the proposed approach hopes that by beginning to implement these methodologies in the
early stages of the design process, which will result in many benefits to the designer. The following
sections of the report detail the recommended approach. SAE G-11 believes the future of the design
process lies in the increasing use of Probabilistic Methodology (PM).

In addition to this Introductory section, the following sections of this document will describe specific
aspects of PM:

Section 3 Design Procedures to Promote a Reliable Design

Section 4 Computational Methods for Probabilistic Analysis

Section 5 Probabilistic Design Implementation and Design Integration Issues
Section 6 Case Studies
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1. SCOPE:

This document discusses a recommended new approach to integrate probabilistic methodologies

1nth Aa ntirac nran it
with design practices, procedures, and software codes currently being used. In addition to

complementing design methods currently in use, this new procedure will permit the designer to
quantify the amount of conservatism that exists for a particular design due to the large amount of
additional information which is provided to the designer. This additional information will allow the
designer to make better decisions when faced with tradeoffs between cost, reliability, performance,
and weight. Although the methodologies described herein can be used heavily in the design
process, their applicability is much more encompassing. They can be used from product concept
to customer delivery.

2. REFERENCES:

2.1 Applicable Documents:
The following publications form a part of this document to the extent specified herein. The latest
issue of SAE publications shall apply. The applicable issue of other publications shall be the
issue in effect on the date of the purchase order. In the event of conflict between the text of this
document and references cited herein, the text of this document takes precedence. Nothing in
this document, however, supersedes applicable laws and regulations unless a specific exemption
has been obtained.

2.1.1 SAE Publications; Available from SAE, 400 Commonwealth Drive, Warrendale, PA 15096-
0001.

ARD50008 Liquid Rocket Engine Reliability Certification (pp. 14, 30)

SAE G-11 Committee (1 992) Liquid Rocket Engine Reliability Certification, SAE Aerospace

N~ i
nUbUUI ve IJUL:UI e ll \JUUUU l‘UVUI noer

2.1.2 U.S. Government Publications: Available from DODSSP, Subscription Services Desk, Building
4D, 700 Robbins Avenue, Philadelphia, PA 19111-5094.

MIL-STD-1783 (1984) Engine Structural Integrity Program (ENSIP)
AFGS-87221A (1990)Aircraft Structures, General Specification For, June (USAF)
2.1.3 Other Publications:

Abernethy, R.B., et al. (1983) Weibull Analysis Handbook, AFWAL-TR-83-2079, Pratt &
Whitney, West Palm Beach, FL

American Institute of Steel Construction (1986) “Steel Construction Manual: Load and
Resistance Factor Design,” Chicago
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2.1.3 (Continued):
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Dallas, Texas
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Michigan
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Thesis, University of lllinois

Ang, A.H.S., and Tang, W.H. (1984) “Probability Concepts in Engineering Planning and
Design,” Vol. 2, John Wiley and Sons, New York

Applied Technology Council (1985) “Earthquake Damage Evaluation Data for California Federal
Emergency Management Agency.” ATC-13, Palo Alto, California

Ardayfio, D.A., Regueiro, A., Christoff, E. (1992) “Dimensional Variation of Front Seat and Floor
Pan Assembly Systems,” Quality Concepts 1992 Conference, Chrysler Technology Center,

Auburn Hills, Michigan

ASTM (1963), “A Guide for Fatigue Testing and the Statistical Analysis of Fatigue Data,”
(Supplement to Manual on Fatigue Testing, STP No. 91), Philadelphia

Banon, H., Bea, R.G., Bruen, F.J., Cornell, C.A., Krieger, W.F., Stewart, D.A. (1994)
“Assessing fitness for purpose of offshore platforms. Part I: Analytical methods and inspection,”
Journal of Structural Engineering, American Society of Civil Engineers, New York

\V4 1

Ben-Haim, Y. and Elishakoff, |.
Elsevier, Amsterdam

Berry, T.H. (1991), Managing the Total Quality Transformation, Z.R. Donnelley and Sons
Company, pp. 61, 71

Bjerager, P., “Probability Integration by Directional Simulation”, Journal of Engineering
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2.2.2 Section 2:
TQM - Total Quality Management
QFD - Quality Function Deployment
DOE/DOX - Design of Experiments
SPC - Statistical Process Control
DFMA - Design for Manufacture and Assembly
ANOVA - Analysis of Variance
FMEA - Failure Mode and Effect Analysis
FMECA - Failure Mode, Effect, and Criticality Analysis
FTA - Fault Tree Analysis
DOD - Department of Defense
STO - System Tryout
PVP - Pre-Volume Production
Q&R - Quality and Reliability
PPSIP - Propulsion Power System Integrity Program
AMT - Accelerated Mission Testing
2.2.3 Section 3:
RS - Response Surface
MV - Mean Value
AMV - Advanced Mean Value
MPP - Most Probable Point
FORM - First-Order Reliability Method
AMV+ - Advanced Mean Value with lterations

SORM - Second-Order Reliability Method
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MPP - Most Probable Point
CDF - Cumulative Distribution Function
FPI - Fast Probability Integration
RSM - Response Surface Methodology
CCC - Central Composite Circumscribed
CCI - Central Composite Inscribed
CCF - Central Composite Face
LCF - Low Cycle Fatigue
VIF - Variance Inflation Factor
HL-RF - Hasofer-Lind-Rackwitz/Fiessler (Method)
MPPL - Most Probable Point Locus
MVFO - Mean Value First-Order (Method)
CDF - Cumulative Distribution Function
MVSO - Mean-Value Second-Order
TT - Three Term
SI - Single Integral
DI - Double Integral
E! - Exact Integral
PDF - Probability Distribution Function

FCP - Fast Convolution Procedure
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FFT - Fast Fourier Transform
COV - Coefficient of Variation
PFAFAT - Probabilistic Failure Assessment for Fatigue
PFA - Probabilistic Failure Assessment
SlLang - Structural Language
PDS - Probabilistic Design System
2.2.4 Section 4:
SPC - Statistical Process Control
PDA - Probabilistic Design Analysis
TMF - Thermal Mechanical Fatigue
HCF - High Cycle Fatigue
2.25 Section5:
HPFL - High Pressure Fuel Line
PSAL - Probabilistic Structural Analysis (Methods)
SSME - Space Shuttle Main Engine
SDM - Structural Dynamics, and Materials
RFC - Retirement for Cause
LRFD - Load and Resistance Factor Development
PSAM - Probabilistic Structural Analysis Methods

IPACS - Integrated Probabilistic Assessment of Composite Structures
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3. PROCEDURES TO PROMOTE A RELIABLE DESIGN:
3.1 Reliability in the Design Process:

A design is a working plan or schematic that describes a product to meet a particular need.
Kapur and Lamberson (1977) state that the reliability of a system is the probability that, when
operating under stated environmental conditions, the system will perform its intended function
adequately for a specified interval of time. To understand reliability, it is necessary to understand
the concept of the “bathtub curve.” This is a plot of hazard rate versus life, an example of which
is shown in Figure 1 and is taken from Reheja (1991). It consists of three different hazard rates.
Reliability is a function of hazard rate in each region. Failures in region | are premature and are
likely to be the result of a large variation in the material or poor manufacturing quality. Region Il
is the useful design life. For a good design, this region has a very low hazard rate and the curve
is approximately flat indicating a constant failure rate. Region Ill is the wearout phase. This can
be pushed right by replacing pans before they fail.

Some of the methods used to improve reliability during the design process are described by
Dhillon (1988) and include the following:

Make the design as simple as possible

Make allowances for human error.

Make use of well-tried parts and materials.

Carefully test new designs.

For critical parameters, consider using safety margins of 3-6 standard deviations.
Include facilities for inspection in the design.

Introduce redundancy whenever necessary to improve reliability.

Pay attention to the maintenance aspect with respect to reliability.

Pay attention to the manufacturing aspect with respect to reliability.

TFe@me 0o

Building a quality and reliable product requires attention throughout the development process, of
which design is just one part. Many of the simple rules listed above to achieve a reliable design
are part of a larger process called Total Quality Management (TQM). TQM is the application of
quantitative methods and human resources to improve the material services supplied by an
organization. Total Quality Management affects all the processes within the organization, and the
degree to which the needs of the customer are met, now and into the future. TQM stresses a
totally integrated, systematic, organization-wide approach. Deming, Juran, Feignebaum,
Ishikawa, Taguchi, (Saylor (1992)) and many others have contributed to the principles that are

part of the TQM process.

TQM integrates fundamental management techniques, existing improvement efforts, and
technical tools under a disciplined approach focusing on continuous improvement. TQM evolved
from a wide range of earlier management practices, manufacturing productivity enhancements,
and improvement efforts. Some of the best known improvement efforts described by Saylor
(1992) include:
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FIGURE 1 - Typical Bathtub Profiles

3.1 (Continued):

Concurrent Engineering

Quality Function Deployment

Robust Design

Statistical Process Control

Cost of Poor Quality

Design for Manufacture and Assembly

N NN

Within product design, process design, and the production process, other TQM specific tools are
useful for ensuring customer satisfaction. While these other tools will not be discussed within this
AIR, they include Just in Time, Total Production, Manufacturing Resource Planning, Computer
Aided Design, Computer Aided Engineering, Computer Aided Manufacturing, Information
Systems, Total Integrated Logistics, Design of Experiments, and Total Customer Service.

311 Concurrent Er‘"inﬂnnng To understand how to dn\/nlnp a reliable dnclgn one must first

understand how design fits into the product development process. In the past, product
development was often viewed as a sequential process. Activities were executed in a series by
separate functional organizations that had developed highly specialized and sophisticated skills.
The product planning organization would do the planning, engineering would develop the
design, and manufacturing would develop the process. Various organizations would do the
testing and identify problems that needed to be corrected. Finally, parts and equipment would
be sourced, machines delivered and installed in the production facility, and the production

assembly or manufacturing plant would develop work procedures and controis for producing the
product in quantity.

This sequential process, shown graphically in Figure 2, resulted in long product development
cycle times. With the competitive necessity of shorter cycle times and the elimination of all
forms of waste, it is imperative to shorten the execution time of individual activities. The

downstream activities needed to understand the upstream activities in order to begin their work
based on early information.
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FIGURE 2 - Sequential Product Development

3.1.1 (Continued):

Today, world-class organizations begin design and process activities before planning is
complete. Product and process verification and testing begin during the design and
development activities, and manufacturing becomes involved well before the design and
process activities are complete. This new simultaneous process of overlapping activities, as
shown in Figure 3, is commonly referred to as "Concurrent Engineering" and is more effective
in reducing development time. Concurrent Engineering steps as described by Saylor (1992)
include:

1. The establishment of a multifunction team. Have representation from all required
disciplines.

The use of a systematic, disciplined, specific approach using appropriate tools and
techniques.

The determination of customer requirements. Communicate with customers,

The development of simultaneous product design and process design.

The planning of production and support processes.

o

o

3.1.2 Quality Function Deployment: Another method of ensuring a quality design is to employ Quality
Function Deployment (QFD). QFD is a disciplined approach for transforming customer
requirements, or the voice of the customer, into product development requirements. QFD can
be applied to the complete product, the system, the subsystem, and /or specific parts. Quality
Function Deployment is a tool for making plans visible and then determining the impact of the
plans. At ali stages of QFD appiication, prioritization ensures that the overali anaiysis does not
become excessively burdensome in terms of time and cost. Manton (1989) has described four
separate phases in the QFD process, namely:
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FIGURE 3 - Integrated Product Development

3.1.2 (Continued):

1. Customer requirements
technology forecasts.

2. Product specifications which convert the customer requirements into the finished product,
defining its components and the characteristics demanded.

3. Process and quality control plans which identify design and process parameters critical to
the achievement of the requirements.

4. Process sheets, derived from the process and quality control plans, are the instructions to
the operator.

Figure 4 diagrams this process and indicates how the output from each phase serves as input
for the next.
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FIGURE 4 - Quality Function Deployment Phases Overview

3.1.3 Robust Design: Robust design is the design of a product for minimal quality losses and a
product that is less sensitive to small changes in the design parameters. Design of
experiments (DOE or DOX) and the Taguchi approach are two of the major methodologies
associated with robust design. DOE is an experimental tool used to establish both parametric
relationships and a product/process model in the early (conceptual design) stages of the design
process. DOE emphasizes discovering the most influential causes of variation. It can be a
useful tool in the preliminary design stage for modeling, parameter determination, research, and
establishing a general understanding of product phenomena.
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3.1.3 (Continued):

Taguchi was the first to stress proper design strategy. He redefined the concepts of design
specifications. Believing that simply being within specifications was not good enough, he
introduced a methodology that focuses on design optimization. His approach focuses on
quality optimization, which is based on Dr. Taguchi’s definition of quality. Simply put, any
failure to satisfy the customer is loss. Loss, in the form of variability from the best target value,
is the enemy of quality. The loss function is a key element of his philosophy. According to
Taguchi, “Quality is the (measure of degree of) loss a product causes after being shipped, other
than any losses caused by its intrinsic functions.” As shown in Figure 5, any variation from the
target is a loss. At the target value, there is little or no loss contribution to cost. The farther
from the target the higher the costs. Costs get higher as the values of the quality
characteristics move from “best” to “better” to “poor”. The real power of his recommendations
is the emphasis to reduce variability and achieve target values. A more detailed discussion of
DOE and Taguchi experimental procedures will be presented in Section 3.2.

The goal of robust design is to minimize variation by designing a system (product, process, or
part) with the best combination of factors. By focusing on the best target value, a product,
process, or part is made insensitive to those normally uncontrollable “noise” factors that
contribute to poor product performance and business failures. The steps to developing a robust
design are shown in Figure 6. Saylor (1992) describes these steps as:

1. System(part) or concept design - This phase selects the design architecture (size, shape,
materials, number of parts) by looking at the best available technology.

2. Parameter (or robust) design - This stage focuses on making the product performance (or
process output) insensitive to variation by moving toward the best target values of quality
characteristics.

3. Tolerance design - This focuses on setting tight tolerances to reduce variation in
performance. Because this phase is the source of most added costs, it is essential to
reduce the need for setting arbitrarily tight tolerances.

3.1.4 Statistical Process Control: Statistical process control (SPC) is a statistical tool for monitoring
and controlling a process. SPC monitors the variation in a process with the goal being to
produce the product at its best target values. Variation is the resuit of both common and
special/assignable causes. Common causes produce normal variation in an established
process, whereas special/assignable causes are abnormal causes of variation. Saylor (1992)
describes four steps in developing Statistical Process Control:

. Thoroughly and accurately measure the process.
Bring the process under statistical control.

1

2

3. Monitor the process.

4. Improve the process by seeking the best target value.
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3.1.5 Cost of Poor Quality: Cost of quality is a system that provides managers with cost details that
are often hidden. This system includes both the cost of conformance to quality requirements
and the cost of nonconformance. Cost of conformance consists of all costs associated with
obtaining acceptable quality. The cost of nonconformance, or the cost of poor quality, is the
total cost incurred as a result of a failure to achieve quality. Typically the cost of
nonconformance includes such items as inspection, warranty, litigation, scrap, rejects, rework,
testing, retesting, change orders, errors, lengthy cycle times, inventory, and customer
complaints.

3.1.6 Design for Manufacture and Assembly: Design for Manufacture and Assembly (DFMA) is a
simultaneous engineering process which optimizes the relationship between materials,
manufacturing technology, assembly process, functionality, and economics during the design
phase of a product. DFMA is a rational system for product development that drives maximum
cost effectiveness within a total cost accounting system. DFMA stresses the use of simple
designs, modular assemblies, multi-functional parts, parts standardization, and elimination of
adjustments to reduce complexity and effort of assembly. When applied, DFMA will improve
quality, reduce manufacturing rework, lower warranty costs, reduce cost to service, increase
on-time delivery performance, and reduce labor costs. As environmental conscientiousness
increases, design for disassembly has also become part of the process. This involves
considerations of how best to disassemble the product so that the recyclable materials can be

recovered.
3.2 Reliability Analysis Tools and Methods:

Designers use a variety of tools to produce a design which include, but are not limited to:
Computer Aided Design, Computer Aided Engineering, Computer Aided Manufacturing,
optimization, finite element techniques, boundary integral equation analysis, fatigue and fracture
mechanics life prediction programs, thermal analysis, analytical, and textbook solutions to
engineering problems. These procedures provide the designer with accurate geometric
information, stresses (concentraied, eiastic, piastic, eic.), strains, temperatures, stress gradients,
lives, inspection intervals, and other characteristics needed to execute a successful design.
Reliability analysis tools are also used in the development of quality products which are discussed
next.
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3.21

Design of Experiments: Statistical experimental design are procedures by which treatments are
assigned to experimental units with the main objective being establishment of parametric
relationships and a product/process model. The benefits include:

Valid comparisons through randomization
Sharper comparisons through blocking
Detection of interactions

Investigation of many factors with few tests
Attention to sample size

Structuring of the experimental process

~eoQoOTw

A smali amount of well planned, carefully analyzed, and immediately used data is better than
poor or no planned collection with little or faulty analysis. A simple analysis can result from
good planning, but, poor planning can never be redeemed in the analysis stage. The stages in
the design of an experiment according to Crosby (1988) are:

1. Define the purpose and scope.

2. ldentify variables which affect outcome (critical parameters on factors). This includes
determining the number of levels at which to run each factor. For example if a linear
response or screening test is expected then two levels would be suitable while a non-linear
response will require three or more levels. The type of qualitative variable is also important
(i.e. fixed or random effect). Blocking can be used to remove nuisance sources of variation.

3. Decide if experiment should be run in stages.

4. Design experiment - Combination of variables to be run and the order determined by the
design. Methods include the factorial and fractional factorial blocking designs (randomized
block design, balanced incomplete block design, Latin square), and response surface. In
designing an experiment replication of treatments should be considered. Replication is the
assignment of the same treatment to different experimental units.

5. Randomize the test order where appropriate to obtain an unbiased estimate of experimental
error. This is a process which allows every experimental unit an equal chance of receiving
any treatment. It provides unbiased estimates of treatment effects, makes test significance
valid and serves as a basis for concealment of treatments to avoid bias.

6. Run experiment - In experimentation there are advantages to running an experiment in
stages. These include permitting preliminary results, a progressive refinement of
knowledge, and utility in process optimization. Such an approach however can stretch out
the duration of a test program.

7. Analyze data and draw conclusions - An analysis of variance (ANOVA) is a formal method
of assessing the significance of treatments. One must also determine the magnitude of
interaction effects. Graphical representations, examples of which are shown in Figure 7,
can prove helpful in data analysis.
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FIGURE 7 - Graphical Representations of Data

3.2.2 Failure Mode and Effect Analysis: Failure mode and effect analysis (FMEA) or failure modes,
effects, and criticality analysis (FMECA) indicates the priority of failure in a product which is
likely to yield the most improvement in terms of severity, frequency and detectability. FMEA is a
bottoms-up process in which the failure modes of the basic components are analyzed. Failure
modes of successively more compiex units are analyzed untii the compiete system is analyzed.
The analysis should be initiated as early in the design phase as possible and iterated
throughout the life cycle of the product. In this way, feedback to the designer can be achieved
and reliability improvement will be the end result. According to Dhillon (1988) some of the major
steps involved in performing a FMEA are:

Defining the system boundaries and requirements.

Listing all of the components and subsystems in the system.
Identifying and describing the components and their failure modes.
Assigning a failure rate to each failure mode.

Listing the effects of each failure mode on the subsystems.
Entering remarks for each failure mode.

Reviewing each crucial failure mode.

Initiating any necessary action.

S@ P o0 o

Documents

Document Sharing Hub

Full document details: SAE AIR5080


http://www.avadocuments.com/doc/sae-air5080
http://www.avadocuments.com/doc/sae-air5080

SAE AIR5080 Page 31 of 146

3.2.2 (Continued):

An example of an FMEA, taken from Pugh (1991) is shown in Figure 8. The FMEA is for
H

encil where the nroduct attributes are listed on the left hand side of the matrix with th
'.’\lllvll, LA A NAYY BV N} rJ u Al L4 1 u

failure modes listed on the top. The procedure for this example is as follows:

1. Adopt a correlation scoring system between parts and tailure modes. (9 for a double circle
indicating a strong correlation and 3 for a single circle indicating some correlation).

2. Apply a weighting to the parts (usually in the order of importance which is shown as 1,4,9,
and 16 with 16 being the most important).

3. Multiply the parts weighting by the correlation score.

4. Sum these horizontally to give a gross weight for each part.

5. These can be represented as percentages in the right-hand column. The percentages
prioritize the areas to attention should be given.

The results show that the lead is the top priority with the surrounding wood second.
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FIGURE 8 - FMEA Matrix for a Lead Pencil
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a subset of function tree analysis. Function tree analysis can be viewed as a top-down analysis
of the system in which functional requirements are first totally defined, then an assessment is
made of any combination of potential events or conditions which might impair or prevent
function. FTA gives a picture of the interrelationships between the modes of failure identified in
the FMEA. Fault events that can cause the occurrence of the undesirable event are connected
and generated by logic gates such as OR and AND (see Figure 9). The construction of the fault
tree proceeds by generation of fault events in a successive manner until the point where there
is no need to develop fault events any further.

Documents

Document Sharing Hub

Full document details: SAE AIR5080


http://www.avadocuments.com/doc/sae-air5080
http://www.avadocuments.com/doc/sae-air5080

SAE AIR5080 Page 32 of 146

TOP-LEVEL.
LXDESIRED
EVENT
N\
—
GATE
|
FAULT
EVENT A UNDEVELOPED
EVERT
| 1
FAULT FAULT
EVEST B EVINT C
J

FIGURE 9 - Commonly Used Fault-Tree Analysis Symbols

3.2.4 Statistical Process Control Tools: According to Berry (1991) a list of SPC control tools includes:

a. Pareto chart

b. Cause and effect diagram - Also called a fishbone diagram
c. Stratification

d. Check sheet

e. Data Charting

f.

Control Chart

3.2.5 Pareto Chart: The Pareto principle states that a large percentage of the results are caused by
a small percentage of the causes. Greater success is probable by concentrating on those vital
few problems that bring major results, rather than the trivial many that provide minor results.
This is sometimes referred to as the 80/20 ruie. An exampie of a Pareto chart is shown in
rigure 1u.
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Cause and Effect Diagram: Cause and effect analysis is a useful tool for helping a group
examine the underlying causes of a problem. An example of such a diagram is shown in
Figure 11. The application of this technique usualiy resuits in a more specific definition of the

problem. The steps involved in conducting the cause and effect analysis include:

aorop=

Define the problem.

Define the major cause categories.
Brainstorm possible causes of the problem.
Identify the most likely causes.

Verify the most likely cause of the problem.

Category Category
CAUSE CAUSE e
> EFFECT
CAUSE CAUSE
Category Category

FIGURE 11 - Cause-and-Effect Diagram
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3.2.7

3.2.8

3.2.9

Stratification: There are two methods to stratified sampling which, in general, reduces
variability of the estimates produced from the sample. One method is to select at random a
certain number of items from each group/stratum according to the proportion of the
group/siratum to the popuiation. With the other method, a certain number of items are selected
from each group/stratum; then the group/stratum is given weight according to its proportion to
the population. A stratified sampling plan divides the population into similar groups or strata. if
the up-and-down variation is very small in comparison with the width of the controi limits, the
control chart indicates stratification in the samples.

Check Sheet: A check sheet is a data collection chart designed to simplify data collection. An
example of such a check sheet, taken from Saylor (1992) is shown in Figure 12. The check
sheet shows the discrepancies encountered in a part over a 3 week period. As a discrepancy is
encountered, the faulty item is checked.

DISCREPANCY

WEEK 1

WEEK 2

WEEK 3

TOTAL

BOARD

SOLDER

WIRING

CONNECTOR

COMPONENT

m

i

it

w

m

12

Wi

i

i

15

i

i i

i e

45

TOTAL

3

25

24

80

FIGURE 12 - Data Collection Chart: A Check Sheet

Data Charting: A wide variety of data charting methods are available to the designer and
engineer which include bar, pie, line, and histogram charts. Another method to visually review
the relationship between two or more factors is to develop a scatter plot.

3.2.10 Control Chart: A control chart displays process performance in relation to control limits.

Figure 13 shows such a chart. This consists of a data plot, upper control limit, lower control
limit and the mean for the process. The variation in the process is also visible with such a plot.
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3.2.11 Safety Factors: A safety factor is normally defined as the load that would cause failure of a
member or structure directed by the load that is imposed upon it in service. Other than loads,
it may be defined with speed, deflection, temperature variation, or other stress producing
factors. The factor should be selected only after all uncertainties have been thoroughly
considered. Among these are the uncertainties with respect to the magnitude and kind of
operating load, the reliability of the material from which the component is made, the
assumptions involved in the theories used, the environment in which the equipment might
operate, the extent to which localized and fabrication stresses might develop, the uncertainty
concerning causes of possible failure, and the endangering of human life in case of failure.
Factors of safety vary between technology disciplines and between industries, and are
determined as a result of accumulated experience. Some other definitions of safety factors

include:

1. Ultimate strength + working stress

2. Maximum safe load + normal service load

3. Mean strength + mean load

4. Yield strength + working stress

5. Damaging stress (fatigue limit) + maximum known working stress.

Factors of safety based on yield are often taken between 1.5 and 4.0, usually for ductile
materials with elongations of 5% or greater. For brittle materials, where ultimate strength is
used, the factor of safety can double. An alternative term often used in aerospace applications
is safety margin or the safety factor minus one.
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3.2.12 Optimization: Optimization techniques minimize the error of the predicted output relative to the
desired output on a given design allowable/criteria. Structural design optimization is usually
based on analytical models. Performance levels predicted by these models correspond to
nominal values of geometric, loading, and material properties. Newer methods consider

reliability based optimization where the variability in the design inputs is considered.
3.3 Utilization of Test Data:

Test data is incorporated into the design from the beginning of the design process. A step by
step testing is an integral part of the product development cycle and includes:

Laboratory Characterization (Screening, Preliminary, Full Scale)
Component and Subsystem Testing

System-Level Development Testing

Certification/Qualification Testing

Durability Testing

caooTp

Test plans at all steps of the design process can benefit from proper test planning utilizing
techniques such as design of experiments.

3.3.1 Laboratory Characterization (Screening, Preliminary, Full Scale): The material test data (i.e.
yield and ultimate strength, modulus, coefficient of thermal expansion, high cycle fatigue, low
cycle fatigue, crack growth rate, fracture toughness, etc.) are modeled with standard regression
methods and can be used as a typical or minimum (often minus two or three standard
deviations of a normal distribution is used) design input or allowable as required by the design
criteria. Screening tests are used during the early phase of the design process to select
candidate materials. During preliminary and full scale development phases, further
characterization of the material and processing is conducted.
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component and subsystem testing are conducted to verify component deS|gns Subcomponent
test data are gathered to obtain better definition of the design inputs (load, temperature, speed,
pressure). As with material test data these design inputs are often considered to have “worst
case” values, generally with a two or three standard deviation basis, being utilized for the
design. In fact these inputs can often be supplemented by safety factors or “adders” to
increase the severity of the design input and thus produce an even more conservative design.
These factors are often based on experience with past designs. The number of tests has been
determined historicaliy by experience factors and programmatic/requirements such as hardware
and facility availability and schedule constraints. Component and subsystem testing occurs prior
to system testing.

NnNnaco
priaos,

3.3 System-Level Development Testing: System level development tests demonstrate system
operating capability, system tolerance to off-nominal conditions, and define environmental
conditions. Operating parameters which are characterized include performance, controiability,
repeatability, and durability. Systems are tested at off-nominal conditions within the operating
envelope. Testing verifies required system operating environments such as vibration levels,
temperatures, and pressures. Types of tests include dynamic, durability, thermal, and
operational verification tests.
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3.3.4 Certification/Qualification Testing: Certification and qualification testing can occur at various
levels within the design process. An example of certification testing in the preliminary phase of
a design is the testing of soil under a building or road to determine what kind of foundation is
required. Ata subsystem level, another example of certification testing is for the containment of
a broken fan blade in a gas turbine engine. Rather than test an entire engine, a special rig is
utilized, and a blade is explosively broken just above its attachment point with the fan inlet case
around it. The test determines whether or not the detached blade can penetrate through the
case structure. Certification standards in many instances are the actual designs for the
product, and the absence of consideration of these standards at the outset has frequently been

the cause of costly redesign efforts.

In the final phase of the design development process, the full scale model or complete system
is tested. Usually, this testing is very expensive and only a limited number of tests are
performed which are designed to catch gross errors in the overall design. This type of testing
also includes the “test to failure” concept. This consists of developing an experiment or
experiments to determine the environments most important to the functioning of the product
and to find the one(s) most severe. To simulate service life in the laboratory under controlled
conditions, accelerated tests are required. With accelerated testing, years of service life can be
simulated economically in a much shorter time. There are some precautions to be followed
when performing accelerated testing. The failure modes at normal stress levels and those at
accelerated stress levels should be the same. The approximate relationship between test time
and field life of the product can be analytically predicted by such methods as Miner’s rule.
Safety margins can be determined from the accelerated test data. An example of this type of
durability testing is the accelerated testing of a single rocket engine to simulate four times the
level of the highest time flight engines.

In both military and commercial sectors, system certification may be based on either analysis or
testing or both at the component and systems levels. Often the components and subsystems
are certified to different service lives and/or inspection intervals which mandates that field
maintenance and inspection programs be considered in certification.

3.3.5 Durability/Validation Testing and Product Failure Data: Prior to completion of the design
process and introduction into service multiple copies of the product can be put out into the
environment in which they will be used on a trial or validation basis. This is an attempt to get
early feedback on how the product will perform, utilizing the expected manufacturing processes
and “real life” instead of simulated usage. In gas turbine products, after an engine is put into
use, a very limited number, designated as “Fleet leaders,” accrue service time at a much higher
rate than the average product. The fleet leaders are intended to reveal failure modes that are
missed by the accelerated mission testing and by the failure predictions of the design
methodology. While a product is in use, the service life or inspection interval for which a
system component is certified may be extended. Components that have accumulated
substantial operating time may be removed from service for analysis and testing to estimate
their remaining life. This information can serve as the basis for extending previously established
service life limits or inspection intervals.
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3.3.5 (Continued):

Finally, once a design has been fielded, product failure data are used to assess reliability.
These data are the final proof of the success or failure of the effort expended during the desi
and manufacture of a product operating under the designed conditions. Generally, it may be
said that the failure experience is underutilized and frequently left out in important decisions
regarding the product in question. There are various factors for such underutilization, some of
which are incomplete failure analyses, poorly documented failure case histories, and poorly

organized failure experiences for general use.

N
i

3.4 Overview of a Design Process:

Pugh (1991) describes “Total Design” as a central core of activities which are imperative for any
design, irrespective of domain. This core consists of market, product design specification,
conceptual design, detail design, manufacture and sales (see Figure 14). Design starts with a
need that, when satisfied, will fit into an existing market or create a market of its own. This need
is described in the product design specification. This specification influences the core activities in
the iterative design process.

The constituent elements of a product design specification are seen in Figure 15. This
specification sets the context of the design and represents a set of constraints which are unique
for every design. Pugh outlined the key items that drive the initial designs. Issues regarding
performance are one of the elements of the product design specification that needs to be
determined early on in the design process. How fast, how slow, how often, continuously or
discontinuously are just some of the questions to be asked in determining a performance
specification. Should service life be short or long and how often is the product to be operated
and what is the warranty duration. The more complex the product, the greater the likelihood
there will be that ambiguities and conflicts between the performance figure specified and that
which is obtained in the final design. A common mistake in specifying performance is to ask for
the ultimate, rather than that which is obtainable. Successful design teams pay great attention to
establishing objectives that can be attained. ltis also extremely easy to tighten up a performance
specification to such an extent that if one designed to meet that performance, the customer would
not be willing or able to afford it. It takes little effort or thought to specify +0 for any parameter,
which in reality means infinite cost. Quality function deployment, robust design, and design for
manufacture and assembly are some of the techniques to prevent this from happening.

The environment should be included in the product design specification. Temperature range,
pressure range, humidity, shock loading, cleanliness of the environment, corrosion, noise levels,
vibration, skill of the people using the device are just some of the inputs that must be considered
in executing a successful design. Also to be considered are the rigors of the manufacturing
process such as assembly forces, exposure to fluids in the process (acids, solvents, cutting
liquids), intrinsic material defects, packaging, transportation, and storage.

Maintenance requirements influence the product design specification. Maintenance

considerations include: ease of access, requirement for special tools, availability of spare parts,
desirability of regular maintenance, and the question of whether or not a particular market is

adent at maintainina the desian. All of these iteams can influence the comnetitivenece nf the
adept at maintaining the aesign. Al Of these items can influence the competitiveness of the
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3.4 (Continued):

design and its life cycle cost as well. Quantity and quality are part of the product design
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numbers may require permanent, expensive tooling. These are some of the most difficult
aspects to quantify in absolute terms, although statistical data from company product precedents
are helpful. Itis important that some quantitative expression must be made as to the level of
quality and reliability at the specification stage for a new design. Examples include mean time
between failures or reliability growth modeling.
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3.4 (Continued):

Understanding the current regulatory standards and specifications which may include corporate,
government, and industry, should be carried out prior to commencement of the design. Itis
difficult, costly, time consuming and inefficient to attempt retrospective matching of designs
already finalized to such standards. Also, while standards are useful and essential in many
areas, they generally represent an industry or technology and a consensus at a particular point in
time. They must not be allowed to freeze innovation and can be changed.

The choice of materials for a particular product design is invariably left to the design team.
However, if special materials are necessary, they should be specified, preferably by quoting the
appropriate standard. Material processing often leads to defects which become a part of the
design. Innovative methods, such as probabilistic life prediction, are the best means to utilize
these materials to their full potential.
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3.4 (Continued):

One last feature of the product design specification is the requirement of testing prior to and after
the design has been executed. Products for the consumer or engineering markets usually
require a factory test to verify the quality of the product and its compliance with initial
specifications. Oddly, this usually relates to the performance aspects which, although essential,
represent a narrow view of the whole question of product evolution. How many to test, is a new
test facility required, can the product be tested easily, and are materials within the design up to
standards are just some of the aspects which require consideration. Data collection and product
history are needed to answer these questions. An initial test specification should be written at the
early stage of the design. It is too late after the design has been completed. Regardless of the
field of specialization or the complexity of the problem, the method by which the engineer does
his/her work is known as the engineering design process. This process is a creative and iterative
approach to problem solving. It is creative because it brings into being new ideas and
combinations of ideas that did not exist before. It is iterative because it brings into play the cyclic
process of problem solving, applied over and over again as the scope of a problem becomes
more completely defined and better understood. Although recent texts on design have talked
about four phases of design, where a problem definition phase is inserted before conceptual
design, most engineering designs go through three distinct phases:

1. Conceptual Design
2. Preliminary Design
3. Detail Design

The amount of time spent on any phase is a function of the complexity of the problem and the
restrictions placed upon the engineer-time, money, or performance characteristics.

The risk in the development of a new design is managed by providing feedback into the process
throughout all stages of design. This feedback can come in the form of reviews and from the
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this process is seen in the examination of a failed design that then leads to the subsequent
modifications to that failed concept and new and improved specifications for future designs.

3.5 Conceptual Design:

The objective of the conceptual design is to discover possible solutions and to determine which of
these appear to have promise and which are not feasible, and why. During the conceptual design
phase the definition of design variables is ill-defined. While product design specifications can
help focus attention on what variables are important, their definition can often be shaky at best.

In most design situations, the number of ideas or solutions remaining at the end of the conceptual
design study are two or more. It is recognized that conceptual design as such can be applied at
the total, subsystem or component level. Pugh (1991) considers three primary components to
the conceptual design phase, namely:

1. Individual concept generation and expression based on a product design specification.
2. Criteria generation in groups.
3. Evaluation of concepts as a group activity.
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3.5 (Continued):

Some ways to stimulate the creative part of the conceptual design process include: analogy,
brainstorming, attribute listing, checklists, inversion, and combination. Once concepts have been
devised, then matrices are defined as an evaluation procedure. The type of matrix referred to
here is not a mathematical matrix: it is simply a format for expressing ideas and the criteria for the
evaluation of these ideas in a visible, user friendly fashion. Generally, a peer review is conducted
using a format of the criteria as the columns of the matrix and concepts as the rows. Rating and
weighting methods may also be used to supplement the matrix approach. An example from Pugh
(1991) of such a matrix for four different brush making machine concepts (m/c 1 ,..., m/c 4) are

seen in Figure 16 with the fourth machine concept having the highest rating.

There are few substitutes for experience in the conceptual design process, but there are ways in
which judgment can be improved. Decision processes based on the theory of probability can be
employed effectively to help. For example, the requirements and ballpark level design variables
can be reviewed against existing design practices and design margins, with risk analyses
performed to determine the feasibility of the design and identify the risk areas in the designs.
Simplified conceptual models can be exercised to develop requirements for subsystems and
components. The outcome of the conceptual phase of the design should be a complete
concept(s) engineered to an acceptable level to establish its validity. In practice, this will usually
take the form of a layout or scheme drawing.

3.6 Preliminary Design:

With alternatives narrowed to a few, the engineer must select the design to develop. The choice
among several candidates is made based on such factors as economics, novelty, reliability, and
the number and severity of unsolved problems. The basic focus of the preliminary design phase
is to select a single configuration. During preliminary design, components identified as risk
drivers requiring risk reduction testing will be generating model validation data and providing input
for refining modeis. The previous discussion on test pianning, reliability rmodeiing methods, and
data reduction techniques indicate how companies can utilize these procedures to successfully
execute the preliminary phase of the design process.

As requirements are flowed down to component level preliminary reliability analyses are
performed. The steps to estimate hardware reliability are quoted from SAE ARD5009 (1992) and
include: '
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. Ratng Weight Factor x Ratin
Objective | Weight I g J
Factor f /e 1]mvc 2[mie 3fmic 4] mrc 1]mic 2 mic 3jmve 4
Make 20 000
brushes per 4 5 5 [ 5 20 20 [} 20
8-hour shift
End of
brush 5 0 5 5 5 0 25 25 25
patety
Ease of
manufacture 3 4 0 3 4 12 0 9 12
of machine
Reliability of
operations 5 4 2 4 41201 10§ 20] 20
Overall size
of machine 2 3 4 3 3 6 8 6 6
Cost 3 3 2 3 3 9 6 g 9
Good
filament 4 3 5 5 5 1 20 20§ 20
density
Total 79 89 89 § 112

FIGURE 16 - Matrix for Brush-Making Machine

3.6 (Continued):

1. Establish design configuration.
a. Complete assembly layouts.
b. Define preliminary parts list.

2. Conduct an analysis of the preliminary design.

a. Hardware sizing.

b. lIdentification of weak links.
c. Quantification of design parameter uncertainty.
d. Material property definition/characterization.
3. Perform failure modes and effects analysis (FMEA and fault tree analyses - FTA).
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Full document details: SAE AIR5080

Identify all functional failures.
Define potential structural failures.
Assess the synerqistic effects between failure modes.
Develop a manufacturing process diagram for critical processes.
Identify potential process failure modes.
Define potential system failure modes.

Establish failure mode criticality.
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3.7 Detail Design:

To a greater, rather than lesser degree, detail design is more concerned with the design of the
subsystems and components that go to make up the whole design. Poor or indifferent detail
design can ruin a good or even brilliant concept; conversely, brilliant detail design will never
rescue a poor or ill-conceived conceptual design. In addition to drawings, the detailed design
phase includes the completion of an operating physical model or prototype (a model having the
correct layout and physical appearance but constructed by one of a kind techniques), which may
have been started in an earlier design phase. The first prototype will usually be incomplete and
modifications and alterations will be necessary. Problems previously unanticipated may be
identified, undesirable characteristics may be eliminated and performance under design
conditions may be observed for the first time. Much testing may be necessary to prove theoretical
calculations or to discover unsuspected consequences. Continuing development testing at higher
and higher levels of system integration will provide both design confirmation and assurance that
all failure modes have been identified and accounted for. Procedures described in the
preliminary design phase to measure reliability are followed in the detail design phase as well.
The procedures are also described in the “Reliability in the Design Process-Section 3.1” and
“Reliability Analysis Tools and Methods-Section 3.2” section of this document.

3.8 Differences in Design Processes:

Many similarities exist in the design process for propulsion systems, aircraft structures, and
automotive applications. An example of an automotive design process follows in Section 3.8.1
with comparisons to a gas turbine design process in Section 3.8.2.

3.8.1 Automotive:

3.8.1.1 Product Development Process: The following development information was provided by the
Chrysler Quality Institute (1994). Figure 17 shows the Chrysler Product Development
Process. The Product Development Process shortens the product development time by
integrating the traditional events into an overlapping process.

This process breaks the total product development activity into six phases. The phases are
as follows:

Concept Approval
Program Approval
Program Vehicie

Pilot

Launch

Improvement and Renewal
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