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SOLID ROCKET BOOSTER RELIABILITY GUIDEBOOK - VOLUME Il

CHAPTER 1 - SCOPE
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1. SCOPE:

The authors of this guidebook and the solid propulsion industry at large have long been troubled by
an inability to absolutely "demonstrate” SRB reliability because, under classic reliability theory, large
numbers of tests are required to establish "statistically significant" reliability values. 240 tests with no
failures, for instance, are required to demonstrate 0.99 reliability to a 90% confidence level if a
binomial model is used. Since the testing cost for hundreds of large motors like the Space Shuttle
SRBs would be prohibitive, the solids industry has always been confronted with a vexing dilemma:
(1) what is the fewest number of SRBs that can be tested to estabilish reliability with high confidence
level for commitment to flight and (2) what should the reliability that was established with fewer-than-
classical numbers of tests be called (it obviously is not “"demonstrated reliability" in the strictest sense
of the definition)?

1.1 Allocation, Prediction, Verification, and Demonstration of Reliability:

To help resolve this dilemma, the authors of this guidebook suggest a new definition of the reliability
demonstration process for SRBs which is divided into four steps as follows:

RELIABILITY ALLOCATION: This is the distribution or "trickling down" of the overall system
reliability goals to the lowest component part of the system and the identification of a target reliability
for each of these component parts.

RELIABILITY PREDICTION: This is the calculation of expected component and motor reliabilities
based on specific design characteristics. This step may use data from a variety of sources including
prior experience on similar systems, engineering estimates, new technologies, etc.

RELIABILITY VERIFICATION: This is the calculation of an interim reliability based on probabilistic
assessment methods and a limited-but-statistically-valid combination of component, subscale, and
full-scale motor tests. The scope of verification testing on the development program is influenced
by any differences between the allocated and predicted reliabilities. Hardware testing usually
continues until the component and system reliabilities are shown to exceed the predicted and
allocated values.

RELIABILITY DEMONSTRATION: This is the final calculation of system and component reliability
that is based on all uses of the system during its lifetime. SRB demonstration is always based on
the actual flight or static test results. Data collected for the reliability demonstration are attribute
data, namely "success” or “failure”. Using these attribute data, statistical tools such as binomial
distribution may be used to estimate the SRB reliability at some confidence level. Data used for
SRB reliability demonstration must come from homogeneous sample data. Using this method to
demonstrate SRB reliability, at high confidence level, requires large sample size attribute data which
are often not available on large SRB programs. In this case, the confidence level of the calculated
reliability will necessarily be lower.
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1.2 Probabilistic Design and Analysis Methods and Total Quality Management (TQM):

The application of the probabilistic design and analysis methods as described in this guidebook is
directly related to TQM as a method of controlling and improving SRB reliability. Other techniques
such as statistical design of experiments, statistical process control, life testing, materials variability
control, simultaneous engineering, and continuous product improvement are also included in this
approach for improving SRB reliability.

1.3 Introduction:

1.3.1 Background: Solid rocket boosters (SRBs) used in space launch vehicles consist of one or more
solid rocket motors (SRMs) and all electrical, ordnance, separation, attachment, and recovery
subsystems needed for a complete, functional assembly. Figure 1 shows a generic illustration of
a large segmented SRB. Operational U. S. launch vehicles like the Space Shuttle, Delta 11, and
Titan IV use SRBs to supplement the payload delivery capability of liquid core vehicles. Foreign
boosters like the French Ariane 5 and the Japanese H-l and H-II also use SRBs in a similar
manner. All-solid space boosters are also used for many space missions. Typical of these are
multi-stage boosters such as the U. S. Scout, Pegasus, and Taurus and the Japanese M3-SllI and
M-V (still under development). Figure 2 shows the general configuration of the Taurus all-solid
space booster which is scheduled to become fully operational in 1995.

SRBs have been used extensively in space launch vehicles and various missiles because they are
very reliable and have low life cycle costs. In the last two decades, for instance, space launch
vehicle SRBs have demonstrated a reliability (success ratio) in excess of 0.989. Other key
advantages of SRBs for any application are their simplicity and the ability to deliver high thrust
levels. The simplicity of SRBs leads to high operability, launch readiness, fast development times,
and low development and recurring costs. Figure 3 shows a specific examples of the cost
economy of solids by comparing the development costs of SRBs and the liquid Main Propulsion
System (MPS) for the Space Shuttle. The solid and liquid portions of the Space Shuttle contribute
almost equally to the total impulse of the vehicle (MPS = 55% and SRBs = 45%), but the MPS
development costs exceeded those for the SRBs by over 500%.
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FIGURE 1 - A Typical Large Space Launch Solid Rocket Booster
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FIGURE 2 - Taurus All-Solid Space Booster Vehicle
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FIGURE 3 - Space Shuttle Liquid and Solid Propulsion System Costs
1.3.1 (Continued):

SRBs are different from other rocket propulsion methods in that they are inherently single-use
devices that cannot normally be turmed off once they have been ignited. SRBs are also
sometimes intolerant of manufacturing flaws or changes in operating conditions, especially any
that could suddenly increase the total burning surface area. The 1986 NASA Space Shuttle
Challenger (case O-ring seal leak at low ambient temperature) and the Air Force Titan 34D9
(case-to-insulation bond failure due to aging and/or bond-line contamination) are examples of
major system flight failures involving SRBs. A contributing factor in both of these failures was the
inability of the "deterministic" design methods used on these systems to anticipate and
accommodate all operating conditions that the hardware encountered.
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1.3.1 (Continued):

Figure 4 illustrates this shortcoming. The deterministic design method calculates a simple factor
of safety (FS) for a component by dividing the maximum component operating burden

....... Y\ AR~ S

(designated by "B") into the minimum material capability (designated by "C") thusly:

FS=C/B (Eq.1)
Burden Capability
point value point value
A ,\ Y Y o Magnitue
v > of variable
Factor of Safety (FS) =C/B

Where:
C = average minimum capability
B = average maximum burden
950067-028JH

FIGURE 4 - Deterministic Factor of Safety Representation

If the component in question were, for instance, a motor case, the burden could be the case wall
hoop stress induced by the internal operating pressure, and the capability would be the tensile
stress capability of the case wall material in the hoop direction. In this example, both burden and
capability would be in units of pounds per square inch. Depending on the criticality of the
component, the values of FS usually range from +1.1 to +2.0 with higher values being interpreted
as being "safer".

This, however, is not always true because the component burdens and capabilities are point
values that do not fully recognize the distributions inherent in these variables. Both B and C can
vary widely due to material anomalies, manufacturing variations, changes in operating conditions,
etc. The true nature of B and C is more accurately depicted by distributions of each variable as
shown in Figure 5. Component failure occurs when the burden distribution exceeds component
material capability in the same location. This failure region is shown by the overlapping "tails" of
the B and C distribution curves in Figure 5.
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FIGURE 5 - Probabilistic Burden and Capability Distributions
1.3.1 (Continued):

Probabilistic design and analysis methods recognize the distributional characteristics of the
burden and capability variables. Using these methods, component reliability is improved by
conducting testing to more completely characterize these distributional characteristics so that the
failure regions shown in Figure 5 can be eliminated completely. Two basic strategies can be used
to accomplish this goal. With effective materials controls and tighter control of environmental
operating conditions, the variation in both the capability and the burden can be reduced as shown
in Figure 6 to eliminate the failure region completely. Note that in this case, it is possible to
simultaneously reduce the factor of safety and eliminate the failure region. Alternatively, the factor
of safety can be increased without changing the burden and capability distributions as shown in
Figure 7 (burden and capability distributions are moved farther apart) to eliminate the failure
overlap region. This latter approach is less desirable than the former, however, because it usually
produces more weight-inefficient systems which are not desirable in flightweight boosters.
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1.3.1.1 Why this Guidebook is Needed: To minimize the cost of access to space for military and
commercial missions, future generations of space boosters must be even more reliable and
have much lower life cycle costs than existing systems. Reasonable goals are an ascent
reliability of at least 0.98 for the launch vehicle (which translates into a SRB reliability of 0.999)
and payload delivery costs to low earth orbits of $500 to $800 per pound. Both of these goals
approximate an order-of-magnitude change from those of current space boosters.

SRBs are already very close to satisfying the 0.999 reliability goal, but further technology
improvements are needed to improve reliability and reduce cost. Higher reliabilities can be
achieved by aggressively pursuing improvements in SRB components and by seeking better
methods of "verifying" hardware reliability. For hardware improvements, one of the most
promising approaches is to "build in" reliability from the outset of the development program to
eliminate as many potential failure mechanisms as possible. For better reliability verifications,
the solid rocket propulsion community has chosen to adopt probabilistic techniques as a
preferred approach for achieving high propulsion system reliability and for maintaining that level
of reliability through production while meeting availability and resiliency requirements at
minimum costs. Probabilistic design and assessment techniques shift the focus of activity from
the present approach of "how to meet the contract requirements" to the new method of "how to
produce the target flight reliability for the system” within the contractual constraints. Strategies
such as design simplification, increasing design margins to produce "robustness”, reducing
materials variabilities, more stringent process controls, etc., are all key features of the
probabilistics approach.

The SAE recognizes that the introduction of probabilistics assessment methods into the design,
fabrication, and use of SRBs will require a large cultural change in the existing solid rocket
industry. And, while the desirable ultimate goal is 100% utilization of this new approach where it
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1.3.1.1 (Continued):

is cost effective, SAE also recognizes that a transition period will be required to gradually infuse

the new methods into the solid rocket booster culture. During this transition period, probabilistic

methods can and should be used wherever applicable on existing and near-term programs to
improve the reliability of SRB hardware.

1.3.1.2 Guidebook Organization - Volume | Versus Volume ll: The Solid Rocket Booster Reliability
Guidebook has been prepared in two volumes. Volume |, which was published in February
1991 as ARD50013, is a stand-alone, executive summary or overview that is intended for use
as an introductory reference by propulsion managers and entry-level propulsion engineers.
Volume | contains only enough detail on the probabilistic design, fabrication, and operation of
SRBs to familiarize readers with the general approaches that can be used to produce reliable
SRBs.

Volume li is also a stand-alone document, but it is a detailed reference book that expands on
the philosophies and techniques introduced in Volume I. Volume II provides working level
engineers with detailed, step-by-step information on how to incorporate probabilistic methods
into all phases of SRB design, analysis, fabrication, and operation. Specific application
examples of how to use the guidebook information are also inciuded in each chapter of
Volume Il to help users with the application of these methods to SRBs. These examples also
show how to cope with some of the special design requirements that are unique to SRBs and
their components.

1.3.1.3 Acknowledgements: This guidebook has been prepared by the Solid Rocket Booster
Subcommittee (SRBS) of the SAE G-11 Reliability, Maintainability, and Supportability
Committee (RMSC). The SRBS includes design, reliability, and propulsion engineers from all
parts of the solid rocket industry and from the government as shown below. Al five solid
propulsion companies provided corporate informational resources for the completion of this
guidebook. This guidebook is the product of thousands of hours of effort on the part of the
authors, most of which was done on their own personal time as their contribution to the
advancement of solid rocket propulsion. During the preparation of Volume |i, the SRBS was
chaired by W. W. Wells of the Air Force Philiips Laboratory at Edwards AFB, California through
1994, and Ron Adib of United Technologies from 1995 through date of this publication. All
members of the SRBS contributed to the coordination and final technical editing of Volume Il.
The contributing authors for Volume Il and their organizational affiliations were:

D. Morley Cox and Andy S. Alien
Thiokol Corporation
Brigham City, Utah

Ron M. Adib
United Technologies Corporation

Chemical Systems Division
San Jose, California
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1.3.1.3 (Continued):

Dr. William R. Gibson and Duane E. Wolting

Aegroist Pronulsion Division
jet Prop vision

WL WL IR RIS W e

Sacramento, California

Eugene W. Langley lli, Ronald J. Kunz, Benjamin E. Suta, and Abdul Kudiya
Alliant Techsystems
Magna, Utah

Joseph T. Pizzo
Atlantic Research Corporation
Springfield, Virginia

Dr. Benjamin E. Goldberg and Diane M. Lyles
NASA Marshall Space Flight Center
Huntsville, Alabama

W. W. Wells
Air Force Phillips Laboratory
Edwards Air Force Base, California

1.3.1.4 For Whom Volume Ii is Intended: This guidebook is not intended to be a basic text on solid
rocket booster design, and the authors have assumed that the users of the guidebook already
have some knowledge of state-of-the-art solid rocket motor design theories and methods. The
intent of this guidebook is to explain how probabilistic design and analysis methods can be
applied to enhance solid rocket booster reliability from design concept through successful flight.
Volume Il is written in sufficient detail so that it can be used in daily program planning and
management by anyone from top-level program managers down to engineering personnel and
technicians.

1.3.2 Brief Synopsis of Volume |l Contents: Following the Introduction, Chapter 2 is the Reference
section and also includes a glossary of terms that are used throughout the text of Volume 11.
Chapter 3 of the guidebook delves into the philosophy of probabilistic design and analysis
methods including improving product reliability as a primary design objective, setting realistic
reliability goals, and applying reliability allocation, prediction, verification, and demonstration
methods. Chapter 4 then covers failure mechanisms that are unique to SRBs, the implications of
these failure methods in terms of mission success, and the principal conditions that can lead to
these failure modes. Chapter 5 discusses bookkeeping processes and data management
methods that support the reliability verification process. SRB testing and instrumentation methods
to accumulate reliability verification data at the materials, components, and motor assembly levels
are treated in Chapter 6. Chapter 7 examines reliability cost/risk management and how reliability
engineering should be included in every phase of SRB development programs. Achieving high
flight reliability by controlling and managing reliability in SRB manufacturing processes is covered
in Chapter 8, followed by Chapter 9 where similar considerations are applied to the operational
use of SRBs. Specific examples of how to apply these methods are included in every chapter of
the guidebook where appropriate for purposes of clarification.
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1.3.3 How to Use Volume II; Utilization of this guidebook is a function of the specific needs of the user.
For a new SRB development or production program, all sections of the guidebook should be of

interest to program management and technical personnel, and the whole philosophy of
probabilistic design and analysis methods can be used in the detailed program planning and
management. Figure 8 shows the interrelationships between the various chapters of the
guidebook, and each chapter in this volume includes a flow diagram that suggests how and in

what sequence the guidebook information can best be used.

For use on an existing program, the individual chapter flow diagrams can help the user select and
apply the parts of the process that are applicable to the specific problem at hand. The specific
application examples included in each chapter will also be helpful to this type of user.

CHAPTER 3 -
BASIC TOOLS CHAPTER 5 -
S OFOO A‘T_‘f_géﬁ%‘g\‘ RELIABILITY CHAPTER 7 -
A AT ON DATABASE AND RELIABILITY RISK
PROBABILISTIC : REQUIREMENTS MANAGEMENT
METHODS VERIFICATION, AND MANAGEMENT
DEMONSTRATION
y
CHAPTER 4 -
THE FMECA PROCESS UNDERSTANDING
FAILURE
MECHANISMS
APPLICATION CHAPTER 6 -
METHODS & RELIABILITY TEST RELIABILITY IN AELIABILITY IN
METHODS AND
DATA MANUFACTURING OPERATIONS
SOURCES EVALUATION

FIGURE 8 - Guide to Volume Il Organization and Interrelationships

1.3.4 Qualifications for Guidebook Users: This guidebook is aimed at engineers and technicians who
hold at least a Bachelor of Science degree in an engineering discipline and who have at least 2 to
5 years of experience in either solid rocket propulsion or some related technical discipline. Some
fundamental knowledge in the areas of probabilistics, the design and operation of solid rocket
motors, and basic statistics was also assumed in preparing this guidebook.
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1.3.5 Limitations and Conditions on Volume II: This guidebook was written primarily for application to
large SRBs for space launch vehicles, but the basic probabilistic design and analysis methods
and design-for-reliability methods are, with appropriate adjustments, applicable to solid rocket
motors of all sizes.

This guidebook is an Aerospace Reference Document that has been prepared and published by
the SAE as a service to the rocket propulsion industry. This guidebook is as complete and
accurate as possible given the authors' time and manpower constraints. Shortcomings and
improvements will undoubtedly materialize during its use by the industry, and users are
encouraged to submit their comments and suggestions to the SAE so that this guidebook can

continue to be improved in future revisions.
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SOLID ROCKET BOOSTER RELIABILITY GUIDEBOOK - VOLUME Ii

CHAPTER 2 - REFERENCES
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2.3 Glossary of Terms:
ANOVA: Analysis of Variance (Chapter 6)
AP: Ammonium Perchlorate; an oxidizer used in solid rocket propellants.
APD: The Aerojet Propulsion Division of Gencorp
ARC: The Atlantic Research Corporation

ARD: Aerospace Resource Document; this is a designation used by SAE to describe documents
that have a 5-year shelf life.

ASTM: American Society of Testing Materials

AT: Acceptance Testing

BKNO3: Boron Potassium Nitrate; an initiator compound used in SRM igniters.
CA: Criticality Analysis

CDF: Cumulative Density Function (Chapter 3)

CE: Concurrent Engineering

Cl: Criticality Index; the product of occurrence, detection, and severity indexes (Chapter 4).
CR&D: Contractor Research and Development

CSC: The Computer Sciences Corporation

CSD: The Chemical Systems Division of United Technologies Corporation

CV: Coefficient of Variation

D6AC: A high-strength steel alloy that is used for SRM motor cases.

DDT&E: Design, Development, Test, and Evaluation

DOD: The Department of Defense

EPM: External Protection Material; any one of a number of insulative material that are commonly
used to protect SRBs from the thermal effects of flight and atmospheric exposure.
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2.3 (Continued):
ESD: Electrostatic Discharge
ESLP: Extended Service Life Program
FMEA: Failure Modes and Effects Analysis
FMECA: Failure Modes and Effects Criticality Analysis
FORM: First-Order Reliability Method (Chapter 3)
FRACAS: Failure Reporting, Analysis, and Corrective Action System (Chapter 6)

FS: Factor of Safety; this is a ratio of the burden or loading placed on a part to the capability of the
part.

FSED: Full-Scale Engineering Development; this part of a major program includes the development
and qualification testing of a new system.

FTA: Fault Tree Analysis

G-11: Designation for the SAE Committee on Reliability, Maintainability, and Supportability

G&C: Guidance and Control; this is the "brain” of a flight vehicle that provides steering commands.
GFE: Government-Furnished Equipment

HIF: Human-Initiated Failures

HR: Human Reliability

ICBM: Inter-Continental Ballistic Missile

IR&D: Independent Research and Development

LCL: Lower Control Limit

MCS: Monte Carlo Simulation (Chapter 3)

MPS: The Main Propulsion System of the U. S. Space Shuttle; this includes the external tank, the
liquid rocket engines on the orbiter vehicle, and the solid rocket boosters.

MSFC: The Marshall Space Flight Center of NASA which is located in Huntsville, Alabama.

MVFO: Mean Value First Order reliabilty method (Chapter 3).
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2.3 (Continued):
MS: Margin of Safety; defined as the FS - 1.
NASA: The National Aeronautics and Space Administration
NBS: National Bureau of Standards
NDE: Nondestructive Evaluation
NDT: Nondestructive Testing
OC: Operating Characieristic curves (Chapter 6).
OJT: On-the-Job Training
P/C/R: The Performance/Cost/Reliability emphasis method (Chapter 3).
PDF: Probability Density Function (Chapter 3)
PSD: Particle Size Distribution
PSIA: Pounds per Square Inch (Absolute)
PSIG: Pounds per Square Inch (Gauge)
QC/QA: Quality Control/Quality Assurance
R&D: Research and Development
RBD: Reliability Block Diagram
RMSC: The SAE G-11 Reliability, Maintainability, and Supportability Committee

RTV: Room Temperature Vulcanizing; a silicone insulating, sealing, or ablating material that cures
at room temperature upon exposure to air; a trade name for these materials.

S&A: Safe and Arm system that protects SRMs from inadvertent ignition but that insures proper
ignition upon command.

SAE: Society of Automotive Engineers
SF: Severity Factor
SORM: Second Order Reliability Method (Chapter 3)

SPC: Statistical Process Control
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2.3 (Continued):
SRB: Solid Rocket Booster; generally an SRM plus all of the equipment needed to convert it into a
usable stage of a flight vehicle; this equipment includes skirts, interstages, thermal protection
systems, thrust vector actuation systems, stage separation hardware, ordnance systems, flight
termination systems, flight instrumentation, etc.
SRBG: Solid Rocket Booster Guidebook

SRBS: The Solid Rocket Booster Subcommittee of the SAE G-11 Reliability, Maintainability, and
Supportability Committee

SRM: Solid Rocket Motor; generaily an assembly that inciudes only the basic parts of a solid rocket
motor like the propellant, motor case, igniter, nozzle, thrust vector control system, etc.

TAAF: Test, Analyze, and Fix (Chapter 6)

TBIl: Through-Bulkhead Initiator; a device that transfers ordnance functions through pressure-tight
bulkheads.

TQM: Total Quality Management
TRR: Test Readiness Review

TVA: Thrust Vector Actuation system; this is the SRB system that provides actuation forces to the
TVC system.

TVC: Thrust Vector Control system; this is the SRM system that provides a steering capability for a
flight vehicle.

UCL: Upper Control Limit
UTC: United Technologies Corporation
VRP: Variability Reduction Program

WOW: Worst-on-Worst combination; a method of calculating maximum possible deviation of a
response variable.
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SOLID ROCKET BOOSTER RELIABILITY GUIDEBOOK - VOLUME I

CHAPTER 3 - RELIABILITY ALLOCATION, PREDICTION, VERIFICATION,
AND DEMONSTRATION

Documents

Document Sharing Hub

Full document details: SAE AIR5006_2


http://avadocuments2026.com/doc/sae-air5006-2
http://avadocuments2026.com/doc/sae-air5006-2

SAE AIR5006/2 Page 24 of 364

CHAPTER 3 - TABLE OF CONTENTS

3. RELIABILITY ALLOCATION, PREDICTION, VERIFICATION, AND DEMONSTRATION........... 26
3.1 Reliability AlIOCEHON. ....cccciiiieeritrii sttt recieetr et et s ren s e s e s s e s emessnsssessnes s s e ssesntsessesssennsnessen 28
3.1.1 Definition and Purpose of Reliability AlloCation ...........cccecemreeeiereceeccece e vs s ccsaeeenas 28
3.1.2 Reliability AlOCAtION PrOCEAUIES .........ciiuieiiiiinreierenercteeensreseenimesesneeesersserseesssesssesnseseessnesssennes 28
3.1.2.1 Developing AllOCation MOGEIS .........cecceiririrciirstireteerresrrstersteeeesereessnsessesssseeesseresssssssssssssssesssesns 28
3.1.2.2 Allocation to the SRB and Subsystem LeVel..........ccceoecerieneinirrnriercerrrneseecsecesssesnesseeessessseeanens 34
3.1.2.3 Allocation to Subsystem COMPONENLS .......ccccceeereiirercirrerricerereressteseerseiesreeeresssnresssssereessesesssses 35
3.1.2.4 Allocation to Component Failure MOUES .........ccuirveerorecrirnienriiecereeeesieseeesseessssereseessssessssesssnses 36
3.1.2.5 Allocation to Subfailure Mode Level (OPTIONAL) ......ccocveceeecerermreecreeertereseecessneessassessassessssesseres 38
3.1.2.6 initiai Allocation 10 UNCEMAINTIES........cocociiiciinirienrienrrericencctese s etreseeseressssaeesssssnsressssessassssessnes 39
3.1.3 Reliability Allocation Activity by Program Phase ..........ccuviireeoeercccerrecccecccrer e e eseeecesneeeaens 39
3.1.3.1 Reliability Allocation in the "Conceptual” Phase.........c..cocvvirreirieeirrecereeerieeeeeccresssssessaeeessenssens 40
3.1.3.2 Reliability Allocation in the "Design and Development” Phase...........cccveveeeieeeeresvenineererseeesanens 4
3.1.3.3 Reliability Allocation in the "Qualification” PRASE ........ccccceeirntirricrrcieire et cenreseesseeessseneessnns 42
3.1.3.4 Reliability Allocation in the "Production" and "Operational” Phases..........cccocvreververevrcierecnercsnnnes 42
3.14 Reliability AlIOCAION ISSUES ......c.ueieieireceictte ettt retre e rreee s e s saaee e s s sreee e s ssssessssnssssnsenas 42
3.1.4.1 "Trade Studies" Involving Reliability Allocated to the SRB.............ccomreiiiiereeeceeecceeccceeeeans 42
3.1.4.2 When Reliability Allocations are NOt Met ... icccieeircccirercrer e ceecsstreece e e e sanseessseessnes 43
3.1.4.3 Concurrent Development of FMECA During AllOCAtiON.........cccovecceireccrerinereierreeeeeeeeseseeressesessenes 44
3.2 R T=1 2107111y VN o €=To (o7 o o OSSO 45
3.2.1 Definition and Purpose of Reliability Prediction...........ccocceevereiirrecneresresceecceiesceeescsreseessseesanees 45
3.2.2 Reliability Prediction PrOCEAUIES.......c.c.cocveeirerercirrreerrnrrceereesecseessessasssnsecsnsessassssssssessesasssensaneee 46
3.2.2.1  Prediction MOGEIS........oueiiiiiiirietiiicsrecreee s erecsesseesaes e nreste s s e e ressaes s e s s ns s eesannesnneenansennnsensnneens 46
3.2.2.2 Prediction Methods without the Use of Failure FUNCHONS .......c.coveeeeeeeerecirrreececerrceeeeee e 47
3.2.2.3 Prediction Methods with the Use of Probabilistic Failure FUNCHONS .......ccveeeeeeeecieceieereerceeeeene 50
3.2.2.4 Implications of Using Probabilistic Methods to Predict Reliability.........c.cccvecveirveireccemresinrernerenenee 61
3.2.3 Reliability Prediction Activity by Program Phase........cccooieenierrcrctec e eccne e 66
3.2.3.1 Reliability Prediction in the "Conceptual” Phase ........ccecceereiriiimeeiiicrreecreree s resceeseeee e eeeeenes 66
3.2.3.2 Reliability Prediction in the "Design and Development" Phase.........ccccocoreceecviveeecercreseeesieeeennes 67
3.2.3.3 Reliability Prediction in the "Qualification” Phase.........c.ccceeerieciiiicirencieeerneecceserseseeesecssesessenens 68
3.2.3.4 Reliability Prediction in the "Production” Phase .........ccccceeveerveereirerinrinrcrrcreeeereeceesseeeceessesesneenes 70
3.2.3.5 Reliability Prediction in the "Operational" Phase.......c..ccceecerereiriciiiincciirnrcereccreeeerescneseeeessnenane 70
3.24 Reliability Prediction ISSUES.........covvieiiiiciie e e essesscetesesntesae s aesssasessns e sesnssessesennnacs 70
3.2.4.1 Proper Use of Analytically Derived Failure Distributions ..........ccccececoiiiiininnirsiesicrsceeesseersceenenes 70
3.2.4.2 Proper Use of Computer SIMUIALION ........c.cceeeiinrireriireieserernecseeeseseesetaesaeeessansssasnessassssseresseasss 72
3.2.4.3 Coping with Uncertainty in Reliability Predictions.........cc.coovirrrreereccciencee e 74
3.2.4.4 Integrating Reliability Prediction with the Design Effort...........cooeereiiinrieeeeciieeeieneeecene 78
3.3 Reliability VErfiCAtioN ........coeiieieriiniiiriiiieicnerssteentassnesssstene s nee s e s ssaesecssmrensssssessesssnnasssssaenones 78
3.3.1 Definition and Purpose of Reliability Verification ..........ccoveeeeeerieriierinie e cceceeeccnenreecnnesssnenees 78
3.3.2 Reliability Verification ProCeAUIES...........veciiieciiicrrrinneiienicsesicsiseeteniiereesesnnessssesereasesssessessnnesses 80
3.3.2.1 Probabilistic Based Verification MOGEIS..........ccveeeierererrrricrenienisesreresnessseesssnerssneessensesssessssenens 80
3.3.2.2 Developing Probabilistic Verifications from Test Data........cccoccecvrrrccriiiceccnieiccnrsceeecrieseseesesaenne 84
3.3.2.3 Considerations when Developing Probabilistic Verfications ..........cccveevveeiciivenrinecceeecessrnerncneeneeas 86
3.3.2.4 Impilications of Using Probabilistic Reliability Verifications ..............cccereieeioriienecreecreeeene 88

Documents


http://avadocuments2026.com/doc/sae-air5006-2
http://avadocuments2026.com/doc/sae-air5006-2

SAE AIR5006/2 Page 25 of 364

TABLE OF CONTENTS (Continued)

3.3.3 Reliability Verification Activity by Program Phase .........cccceveviiiiineiciiieic e erencncaeseeeses 89
3.3.3.1 Reliability Verification in the "Conceptual” Phase............cc e eererneees a0
3.3.3.2 Reliability Verification in the “Design and Development" Phase ...........ccccerrivriniiinncrcasrnnnronennns 90
3.3.3.3 Reliability Verification in the "Qualification” Phase.........cccocccvrrrrerieicciieniiirecnrnescnteinreerccnesreseeees 92
3.3.3.4 Reliability Verification in the "Production” Phase.........ccccovrecurerormeecccrrncinseneestessnseesnesesseesenssaneane 94
3.3.3.5 Reliability Verification in the "Operational” Phase ........cccccccerirericccceennnniecnnnesisnerisseernessesessenees 95
3.34 Reliability Verification ISSUES ........ccccivcerietiiiicrccrsscrcnessttss st recas s eesionresesseeresssesessnnsssnsnssesseassanes 95
3.3.4.1 "Pseudo RepliCatioN" ISSUES .........occiiceiiiimieceiecneicsntnessneersesereesessnesseseesssensassessesessnsessessasssananes 95
3.3.4.2 Appropriate Tolerance (K) Value ISSUES .........ccueeeeiricreicireecercrrrentrecereseeessaneeseesssessesnnseseasnnesses 97
3.3.4.3 Use of Parametric Distributions and Sample Size ISSUES ......c..ccvveevirececrrerrenerinceeecreenecseeseereeens 99
3.3.4.4 Proper Treatment of Nonquantifiabie Failure Modes/Causes...........ccceerecerircerrsiccnmrennecrcsnennas 103
3.3.4.5 Appropriate Uses of a Deterministic Reliability Approach ..........ocuciriccmnimecreniiinccmiecceneereneene 103
3.3.5 Insuring Reliability Verification with Robust Design and Process Control..........c.ccccceeeceevcnnnnen. 104
3.3.5.1 Robust Design ProCeAUIES ..........ceiecciricrcreirieeesssctreiessssstesessescsssnssteonssessnessasssssecerressssssssensssanse 105
3.3.5.2 Process CONtrol ProCEAUIES ......c.ccceeeimrierenitessnssssssssssssssatnssesssatesssmesesmasssesessesesnesssnasssnsasnenss 108
3.4 Reliability DemONSIration.........ccciceeireoriecnnrieciinsieeerisste i s renteseserensrearsssssensssssnensssnnssessnesanes 112
3.4.1 Definition and Purpose of Reliability Demonstration ........c.ccccccveeviveriiceirinericnsneccinenrecenneceeenes 112
3.42 Reliability Demonstration ProCeAUIES ........ccwerrcriiiiniiiiieinenersesssteisseesnesstsesssesosssessssssesses 112
3.4.2.1 Demonstration MOEIS .........cuieiiiiiiiiiiicrcrntrcnrrce e e eee 112
3.4.2.2 Demonstration "Growth" ModelS ........cccciirriiiiriccnrircriiti i ncecrrecnr s sscne e esscssnassssanesssnens 115
3.4.2.3 Reliability Demonstration Estimates Using a Combined Data (Binomial) Approach ................... 115
3.4.3 Reliability Demonstration Activity by Program Phase............eeeeieeiiiiiiinnicrircctenicecrecnecccenens 116
3.4.3.1 Reliability Demonstration in the "Qualification” Phase .........cccocercciireneinccnnnnrenrincsceenreconennennens 116
3.4.3.2 Reliability Demonstration in the "Production" and "Operation” Phases.........cc.ccccvverernrecseercennene 116
3.4.4  Reliability Demonstration ISSUES .........cccceoerieicinenierericetreseesst et s n et s e e e s e s neeses 116
3.4.4.1 Complications with Binomial COUNtING ......ccccorerreeerimirireieerstrer e scs e rerreseenesnessseceesansssnnesssessneras 116
3.4.42 Assumption that Future Product is Like those Tested........cccourmieiiiiicciinineinicceerreessscercecnaene 117
3.4.4.3 Small Test Size Dilemma for Binomial CouNting.........cc.cevetieriieriiiiietirescriciccsenninrereseeeeeessecenes 117
FIGURE 9.....uirieiieiecrcieeesisessretessesereesssneesssstessssssenssasnnesassasesseeasessneeesseasssssnassssasssanaarseesssssaneesassnnnness 27
FIGURE T0....uueuieeeeeriicninreieerseeseeerssseacressssnmsessneesssassasssssss srmsssmsesssssssaneesssassssannneasssssssnsessesssasnareresssantess 52
FIGURE 11 - Verified Reliability @ 90% Confidence (Normal Distribution) ........ccccceeviveericcciericcnnecncnees 83
TABLE ...t cerreeeeittecesneesescneeesesseeesessnsasenssanssssmassseasnte st s e sasentnassannnnnraenae s aneeneese e naeaensssnnararss 36
TABLE 2......coeeeeeiieiecietnereresessneeresssatesessses e ssssessssssnsasssnsesesassseeressssaassesasessnnmnsasaassasannasaesasasanenasnessansnnreess 71
72 = 30 PR 113
TABLE 4.......eoeeeeitieeecirteieteeessneressenrasesesessssmsasssssnnressanee s es s s s s e st s e b et e e e e s n e e r s e s e e n et s e e e nnnae s e e nnee s 118
Documents

Full document details: SAE AIR5006_2


http://avadocuments2026.com/doc/sae-air5006-2
http://avadocuments2026.com/doc/sae-air5006-2

SAE AIR5006/2 Page 26 of 364

3. RELIABILITY ALLOCATION, PREDICTION, VERIFICATION, AND DEMONSTRATION:

The purpose of this chapter is to outline the procedures to be used by reliability and design engineers
to allocate, predict, verify and demonstrate numerical reliability in a solid rocket booster (SRB). These
activities are not mutually exclusive and will overlap each other as a rocket motor program progresses
through its various phases. However, in the early stages, more effort is devoted to the
allocation/prediction effort while in the later stages of qualification and production, much more effort is
concentrated on reliability verification. A diagram summarizing the relationships of each activity
during each program phase is shown in Figure 9.

The main focus of this chapter will be to show how the activities of allocation and prediction lead to
and support the actlvlty of pnmary interest, rellablllty verification. A strategy for venfymg hlgh
numerical r euaomty without wamng for |arge numbers of fuii-scaie soiid rocket motor nrlngs wiil be
outlined. The necessity for early cooperation and “"concurrent” efforts between design, manufacturing
and reliability engineers in order to achieve a high verified reliability will also be discussed.

We recognize the wide variety of individual reliability techniques that have been utilized by the various
solid propulsion contractors. This chapter will outline the strategies most common to all companies
that are currently used in the efforts to design and manufacture highly reliable rocket motors. In
addition, advanced techniques fostered by new requirements to "verify high numerical reliability prior
to first flight” will be addressed. These techniques utilize a probabilistic philosophy and impose a
variety of new requirements on the contractor in the design, development, and qualification phases of
a solid rocket booster. Some of these new requirements (such as an expanded role for database
management) are discussed in other chapters of this volume. This chapter will concentrate on the
specific actions required by reliability engineers in order to implement and utilize probabilistic
techniques to allocate, predict and ultimately verify numerical reliability. Next, the definition of and
differences between reliability verification and reliability demonstration will be discussed, along with
the suggested pattern for proper use of each activity.

a. Definition of Failure and Reliability: The terms “failure" and "reliability" are not necessarily
consistent across the solid rocket booster community. In some programs, for example, a *failure"
might be counted when a certain motor firing "fails" to meet one or more program specified
ballistic performance limits. For purposes of this guidebook, however, the term "failure" will refer
to a catastrophic propulsion failure of the solid rocket booster forcing an immediate loss of vehicle,
or cessation of the vehicle's mission. Reliability is defined as the population proportion of
nonfailures (successes) divided by the total number of solid rocket boosters in the population.
Therefore, for any given population of manufactured solid rocket boosters in a specified program
an inherent reliability will exist, but is usually unknown. This reliability may be estimated by
various techniques described in this chapter such as "prediction”, "verification" or "demonstration®.
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3.1 Reliability Allocation:
3.1.1 Definition and Purpose of Reliability Allocation:

a. Definition: Reliability allocation is the definition of a specific numeric reliability for the solid
rocket booster, each subsystem, each subsystem component, and each failure mode. The
purpose of reliability allocation is to set a goal (target), in response to program requirements,
that imposes specific requirements on the concurrent engineering work team throughout the
design and development phases. The activity of reliability allocation should be a joint effort
between reliability engineering, design engineering, project engineering, quality engineering,
system safety, and program management.

b. The Concurrent Engineering Work Team - A Joint Effort". Because aiiocation is usualiy the
first major activity that occurs in connection with the reliability effort, the attention to detail,
degree of precision, scope of work and depth of analysis used during this activity all "set the
stage” for the subsequent activities of prediction and verification. For this reason, the
importance of reliability engineers in the enlistment of support and cooperation of the other
team members mentioned above cannot be overstated. Simply put, if the reliability engineer
performs this work in a "vacuum®, all subsequent efforts to inject reliability into the design and
manufacturing system will likely be futile paper exercises. Also, reliability engineers must
remember that increasing or decreasing the reliability allocation to any component or failure
mode does not affect the inherent reliability of anything unless these allocations are translated
to requirements that affect the design, manufacture, acceptance, or operating conditions of
the SRB components. This is why the formation of a concurrent engineering "work team" is
so critical to the realized success of the reliability allocation effort.

c. Scope: The purpose of Section 3.1 is to outline several allocation strategies that can be used
in response to a variety of program requirements. Examples of how to apply these strategies
to the system, subsystem component, failure mode and cause level will then be presented.
Next, the activities related to reliability allocation that should occur during each program phase
will be discussed. Finally, major issues of concern that should be recognized while the
reliability allocation takes place will be identified and discussed.

3.1.2 Reliability Allocation Procedures:
3.1.2.1 Developing Allocation Models:

a. Purpose of the Allocation Model: The purpose of a reliability allocation model is to ensure
that all subsystems, subsystem components, and component failure modes of a SRB are
each targeted for a specific reliability such that the total reliability of the SRB will meet its
overall allocation. The format of the model should coincide with the structure of the
developing FMECA (as outlined in Chapter 4). That is, every failure mode identified through
the FMECA process should receive a reliability allocation within its corresponding
component and subsystem. If the FMECA is sufficiently developed, the allocation model
can be extended to include failure mode causes. The construction of a "fault tree" (see
Chapter 4) can assist in the development of the allocation model by providing a tool for the
engineer to "view" the relational structure of various component failure modes.
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3.1.2.1 (Continued):

Nearly all SRB reliability allocation strategies rely on the assumption of independent failure
modes. That is, the increase or decrease in probability of failure for any individual failure
mode on any specific SRB under a given condition does not increase or decrease the
probability of failure for any other failure mode. Then the total reliability of a SRB (or a
subsystem, or subsystem component) is the product of reliabilities for all corresponding
failure modes. For most SRB failure modes this is an appropriate assumption.
(Nonindependent failure modes are discussed in Section 3.2.2.4.1)

3.1.2.1.1 Reliability Allocation by "History":

a. Definition: The first strategy for allocating reliability that will be presented here is known as
"historical precedent”. This method involves the use of historical failure rates from other
solid rocket motors with similar (if possible) components as a basis for allocating
unreliability to the various subsystems and components of a new motor under design. For
example, if five "case" failures have been observed in 10,000 solid rocket motor firings to
date, then a reliability allocation of 0.9995 could be used for the case subsystem for the

next motor design.

b. Advantages/Proper Uses: The major advantage to using failure rates to allocate reliability
is that history justifies the use of such reliability numbers and can provide evidence to the
customer that these allocations are realistic. Historical failure rates can be appropriately
applied to subsystems and sometimes subsystem components when these same (or very
similar) subsystems and components have been utilized on past motors with high rates of
firng. For example, when the same igniter or nozzle from one motor is utilized in another
program, past failure rates provide an appropriate place to start for reliability allocation. If
the actual failure rates do not meet customer expectations for a new program, sometimes
the historical “proportion” of failure rates between subsystems and components can be
used as a basis for subdividing the allocated higher reliability for a new program. This
helps to preclude unrealistic expectations on the work team. This method is most
appropriately used to provide a "quick look" of reliability allocations during preliminary
design when various "what-if* trade studies are evaluated.

c. Disadvantages/Limitations: This procedure takes a "hands-off" policy relative to enabling
engineering to have an influence on reliability. For example, if nozzles have been
observed historically to have the highest failure rate of any solid rocket motor component,
this procedure merely recognizes that fact in the allocation of a certain percentage of
failures in the nozzle for future SRBs. Any desire to change that fact (i.e., reduce nozzle
failure rates) would not be instigated from the reliability allocation activity. Another
limitation of this strategy is that rocket motor components are seldom similar enough when
comparing one type of rocket to another to make use of past failure rates practical.
Usually changes in design, function, loads and materials make such uses of past failure
rates invalid. For example, the relatively high failure rates in nozzle structural components
from early Minuteman motors are not really applicable to the nozzles of SRBs today.
Conversely, new potentially higher failure probabilities introduced by a new design concept
or new materials might be ignored when relying on past data. Finally, any desire to
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3.1.2.1.1 (Continued):
optimize the cost of the SRB under specified performance and reliability requirements
would not be possible using this strategy. As the design matures during the Development
Phase, this strategy may become less appropriate for use.

3.1.2.1.2 Allocation by "Count":

a. Definition: This strategy for allocating reliability is to simply target an equivalent reliability.

This can be done in two ways. One way ("top-down") is to start at the SRB and subdivide
equal reliability allocations for each subsystem. Then each component receives an equal
target reliability within the subsystem, and each failure mode within the component

receives an equal allocation. For example, if the nozzle is 1 of 6 subsystems from a
booster allocated 0.999 reliability, then the nozzle allocation is:

(0.999) % = 0.99983 (Eq.2)

Then if the flex bearing is one of 12 components within the nozzle its allocated reliability
woulid be:

(0.99983) /12 = 0.999986 (Eq.3)

Finally, each of the "n" failure modes identified for the flex bearing would receive an
allocation of:

(0.999986) /1 (Eq.4)

The second way ("bottoms up") is to simply count the total number of failure modes in the
SRB and allocate equally. For example, if 100 failure modes were identified for a SRB
with a booster allocation of 0.999, then each failure mode would receive an allocation of:

(0.999) %0 = 0.99999 (Eq.5)
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3.1.2.1.2

3.1.2.1.3

(Continued):

Now, each component's allocated reliability is determined by multiplying the allocations for

each of its failure modes, and each subsystem's allocated reliability can be found by
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multiplying the allocations of each component.

Advantages/Proper Uses: This procedure is perhaps the easiest and quickest to implement of
all the allocation strategies presented. A "top-down" allocation can be made as soon as the
overall SRB allocation is determined and the subsystem and subsystem components are
identified. A "bottoms-up” approach further requires that all failure modes be identified. No
database of failure rates from similar components is required. This approach might be
appropriate when a "quick-look" study is desired during preliminary design in the conceptual
phase (Section 3.1.3.1) if past failure rates are unavailable.

Disadvantages/Limitations: The major disadvantage with this method is that reliability
allocation becomes a direct function of the fault tree structure. When utilizing a “top-down"
approach, the failure modes with more levels of structure above them receive a much higher
allocation than others with fewer levels of hierarchy. On the other hand, when using a
"bottoms-up" approach, components with the higher number of failure modes receive a much
lower reliability allocation than those with few failure modes. In a general sense, these
situations are not necessarily undesirable. However, sometimes a very complicated, (but not
very performance or cost significant) item could receive a much larger share of the unreliability
allocation than is warranted for a cost/performance effective design.

Allocation by "Weighted Factors™:

a. Definition: There are several different methods that can be employed by using this
strategy. In each case, a scheme for weighting the "importance" of each subsystem or
component or failure mode is used to determine the reliability allocated. Usually this
requires a "top-down" approach as described previously, except each subdivision does not
receive an equal target reliability within its group. For example, one method for
determining "importance" might be the component weight (Ib). Then heavier components
would receive a higher reliability allocation than lighter ones. This method could only be
utilized to allocate down to the component (but not failure mode) level. Similarly, another
method might weight by subsystem or component “cost” or even "cost of failure” for a
given failure mode. Another approach would be to derive the weights from a "Delphi* type
survey of experts based on several factors such as past experience, complexity, design
maturity, etc.

b. Advantages/Proper Uses: This is the first strategy presented that allows the concurrent
engineering work team to influence the manner in which reliability is allocated to
subsystems, components and failure modes. Instead of relying on past failure rates or
component "counts”, this method allows work team members to utilize some priority in
assigning allocations based on a designated significant factor like performance, weight or
cost. This strategy is applicable to all levels of allocation down to the failure mode level.
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3.1.2.1.3 (Continued):

c. Disadvantages/Limitations: The major disadvantage of this method is the amount of effort
required to produce the allocations by the work team. Specific estimates of the weighting
factor (cost, weight, etc.) must be available for all components in order for the
methodology to be employed. Sometimes the differences in "weights" are difficult to
assess at the individual failure mode level. Rough estimates of effects due to proposed
design changes under preliminary consideration might not justify the amount of work
required for this method.

3.1.2.1.4 Reliability Allocation by "P/C/R" Emphasis:

a. Definition: Another straiegy for allocating reliability is known as the
"performance/cost/reliability" (PCR) emphasis method. This strategy is implemented only
at the component failure mode level. It requires the concurrent engineering work team to
evaluate each identified failure mode (from the FMECA) and to make a determination if
the mode is significant to the performance or cost or reliability of the SRB. These modes
are then designated "PCR significant”. All other modes are designated "PCR
nonsignificant”. Then if a certain reliability "R" has been allocated to a component with “n"
independent PCR significant modes and "m" independent nonsignificant modes, then
allocations to the failure modes are done as follows:

(1) All "n" PCR significant failure modes receive a reliability allocation of:

1
(R)(n+1) (Eq.6)

(2) All"m" PCR nonsignificant modes receive a reliability allocation of:

[(R)md I (Eq.7)

For example, if a particular component with 4 PCR significant and 6 PCR nonsignificant
failure modes had received an allocation of 0.9999, then the 4 significant modes would all
be allocated a reliability of:

1
(0.9998)@5 = (0.9999)°2 = 0.99998 (Eq.8)

and the 6 nonsignificant failure modes would receive an allocation of:

1 1 1
[(0.9999)a+1]6 = (0.99998)s = 0.9999967 (Eq.9)
Then the multiple of all 10 reliability allocations will be:

(0.99998)* x (0.9999967)° = 0.9999 (Eq.10)
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3.1.2.1.4 (Continued):

b. Advantages/Proper Uses: This strategy has similar advantages to that of the "weighting

factors" described above. In addition, it allows the work team to focus on minimizing cost
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for a set of specified performance/rehablhty requirements during the allocation process.

c. Disadvantages/Limitations: This methodology also requires a relatively large level of work
effort compared to the other strategies presented and also ignores any knowledge relative
to the component performance history. For example, a critical component that is really a
"piece of cake" might be allocated a relatively low reliability.

3.1.2.1.5 Issues Involving Redundancy: In some circumstances, redundancy is designed into a system
or component such that multiple modes of failure must occur simultaneously in order for SRB
failure to occur and the allocation of reliability should reflect these redundancies. In these
cases, it is sometimes easier to first calculate "unreliabilities" and then convert back to
reliability allocations. For example, suppose 1 component, allocated 0.9996 reliability, has 2
redundant failure modes (both must fail together for a component failure). Now the probability
that either mode must work should be 0.9996. Therefore the probability that both must fail
can be no greater than 0.0004. Then the “unreliability" allocated to each mode is now:

1
(0.0004) 3 = 0.02 (Eq.11)

so the reliability allocated to each mode can be 1.00 - 0.02 = 0.98. Notice the tremendous
benefit by having redundant failure modes. Of course, these redundant systems must indeed
be independent in their failure probabilities or the calculations shown above are negated. Any
correlation between redundant failure prevention systems must be accounted for in the
calculation of both modes occurring simultaneously.

3.1.2.1.6 How the Allocation Model Works: Remember that utilizing some combination of strategies
outlined above is certainly permissible (and highly recommended) when developing an
allocation model for the solid rocket motor design. Sometimes the strategy may change
depending on program phase (see Section 3.1.3). The allocation strategy is not dependent
upon which design philosophy (probabilistic or deterministic) is chosen. As different strategies
are employed or priorities for reliability are changed, the reliability model can be used to
determine the effective change in targeted reliability for any subsystem, component or failure
mode. For example, given a fixed SRB reliability allocation, the effective change in allocation
to other components can be studied as the allocation to one component is raised or lowered.
Or if a new design technology eliminates a particular failure mode, then the effective reduction
in allocation to the other modes of the same component can be determined. Or if the
customer wants to raise or lower the allocated SRB reliability, the effective increase or
decrease to every failure mode in the system (and hence "cost" to the design/test program)
can be evaluated. In summary, the allocation model should be a working tool, used by design
and reliability engineers that will help to evaluate the effect of various proposals put forth by
management.
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3.1.2.2 Allocation to the SRB and Subsystem Level:

a. Allocation to the SRB from the Customer/Prime: The amount of reliability allocated to the
SRB as a propulsion system is usually determined by the vehicle integrator (prime
contractor) in consultation with the ultimate customer (DOD, NASA, private, etc). If the
propulsion system is not entirely solid rocket booster(s), then the propulsion reliability for the
vehicle will be split between the SRBs and the other propulsion systems (e.g., a liquid rocket
core). If more than one identical SRB is used simultaneously as a propulsion system (e.g., a
“cluster" of strap-on solids) then the reliability allocated to the SRB propulsion system should
be equally divided between the single SRBs. For example, if the propulsion system for a
space launch vehicle with a liquid core engine and six “strap-on" SRBs has been allocated a
reliability of 0.98, and the SRB portion of that is 0.999, then each single SRB should have an
allocated reliability:

1
(0.999)5 = 0.9998 (Eq.12)

It is very beneficial for the SRB reliability engineer to develop a good two-way
communicative relationship with potential prime contractor/customer reliability engineers.
Then the total effects of possible reliability requirements and aliocations dictated by the
prime/customer can be analyzed and the cost/performance issues studied before the
allocations become "written in stone”.

b. SRB Subsystems: The usual subsystems for a SRB include the following:

(1) Case

(2) Nozzle

(3) Propellant

(4) Ignition

(5) Insulation (internal)

(6) Ordnance

(7) Booster Attach/Separation
(8) Electrical

(9) Recovery
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3.1.2.2 (Continued):

c. Allocation to the Subsystems: Before allocating to the SRB subsystems using the various
strategies presented in Section 3.1.2.1, the concurrent engineering work team must
consider the classification hierarchy adopted during the development of the FMECA. For
example, one system is to make the first level of "indenture” below the SRB the various SRB
subsystems, then indenture the subsystem components and then indenture the following

time sequence of operations:

(1) Transportation, storage, handling
(2) Assembly, checkout

(3) Launch, flight

(4) Separation

Another classification hierarchy might indenture the time sequence first, and then
subindenture the SRB subsystems, then the SRB subsystem components, then failure
modes, etc. Whichever classification hierarchy is chosen for the FMECA should be used by
the work team in the allocation from the SRB to the subsystems. See Section 3.1.2.7 for a
discussion on an initial allocation to “uncertainties”. If utilized, "uncertainties" should be
allocated prior to the subsystem allocation.

3.1.2.3 Allocation to Subsystem Components:

a. Subsystem Components: Every SRB design is unique and components may vary
depending on the propulsion system requirements. A typical set of subsystem components
for a SRB include the following:

(1) Case: membrane, forward and aft dome, forward and aft boss, forward and aft skirt,
nose cone, joints

(2) Nozzle: throat, inlet, cowl, exit cone, housing, flex bearing, thrust vector control (TVC)

(3) Propellant: propellant, propellant-to-insulation bond

(4) Ignition: Initiator, propellant, liner, insulation, case, forward closure, joint, attach boss

(5) Insulation: Internal (cylinders, domes), external, liner, joint

(6) Ordnance: Detach system, Flight termination system

(7) Booster Attach: forward and aft skirt extensions (and joints), struts/members, fasteners,
separation (springs, pistons, housing)

b. Component Allocation: The subsystem component allocations normally flow directly from
the subsystems using the strategies discussed in 3.1.2.1. Usually the classification
hierarchy adopted as part of the FMECA will not inject another “"indenture” level such as
sequential operations (see the discussion on subsystem allocation above) between the
levels of subsystems and subsystem components.
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3.1.2.3 (Continued):

c. Component "Independence” Assumption: A common practice in the industry is to assume

that SRB subsystem components have independent failure probabilities. That is, the

- likelihood of failure for any given subsystem component does not affect the llkellhood of
failure for any other subsystem component. This allows the overall reliability of any
subsystem to be calculated as the product of all components' reliability. If, for some reason,
a certain component has a dependent relationship with another component, then a
"correlation coefficient" must be factored into the reliability function (see Section 3.2.2.4.1).

3.1.2.4 Allocation to Component Failure Modes:

a. Component Failure Modes: The component failure mode is the mechanism by which the
SRB could fail. This is not to be confused with the "cause" that will be discussed later. For
example, a motor overpressure is an example of a failure mode. Overpressure might be
“caused" by a cracked grain. Another cause, however, could be an abnormally high burn
rate. Both conditions can lead to the same mechanism for failure, or “failure mode”. The
component failure modes are determined as part of the FMECA process (Chapter 4). A few
examples of various failure modes from several subsystem components are as follows in

Table 1:
TABLE 1

Component Example of Failure Mode
Case membrane Buckling/collapse of case membrane
Case aft dome Polar boss shear out
Nozzle throat Insulation/housing bondline separation
Nozzle exit cone Metal housing yield failure
Propellant Overpressure
Ignition initiator Premature operation
Igniter closure Adhesive failure, closure-to-insulation interface
Insulation, internal dome  Insulation burn-through
Propellant liner Liner/propellant unbond
Aft skirt Bearing failure at attachment

b. Failure Mode Classification: It is important to establish the system for the “indenture" and
classification of failure modes early in the design process. This is usually done in
conjunction with the FMECA development. One method is to begin the breakdown as a
function of time sequential operations. Then, for example, the first level of indenture would
include the following divisions:

(1) Transportation, storage, handling
(2) Assembly, checkout

(3) Launch, flight
(4) Separation
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3.1.2.4 (Continued):

Then all components and component failure modes would be identified as a subset of each
of these first level divisions. An alternative method would be to look at each of the individual
subsystem components, and then determine how they each fail during any of the four
divisions of time sequence of operations listed.

Another classification strategy decision is how to look at the "type" of failure. One method is
to take each "type" (say "unbond") and then subdivide under it for each component which
could experience that kind of failure. The alternative is to look at all types of failures that
could come within each specific component.

Another classification consideration is component part "location”. For example, each
component is usually made up of a number of piece parts. Each individual piece part might
have a distinct failure mode. Or, if a component is a single piece part, it may cover a large
area and different locations might experience unique failure modes.

c. Failure Mode Allocation: The decision of which classification system to use for the FMECA
as described above will determine how the reliability allocations are made to the failure
mode level. For example, suppose the classification strategy chosen for the FMECA was as
follows:

(1) Time sequence
(2) Component
(3) Failure type
(4) Part/location

Then the first subdivision of reliability allocation (after uncertainties) would be to the
sequence, then to the individual components (within sequence), then to the type of failure
(within component, within sequence) and then finally to the failure mode at each
part/location (within failure type, within component, within sequence). A different
classification "hierarchy” than the one illustrated above would necessarily require a different
methodology for allocation to the individual failure mode. These reliability allocation
methods are in addition to the basic strategies discussed in Section 3.1.2.1 and may be
combined with those strategies in many different combinations.

d. Considerations of Part/Location Allocation: It is fairly obvious that the more failure modes
per component itemized, the more the allocated reliability per mode must be in order for the
component to meet its allocation requirement. Because of this, the concurrent engineering
work team that is more thorough in determining each of the various types of failure for each
of the various piece parts of a component is forced to pay a "penalty” in higher failure mode
reliability aliocations as compared to a more “parsimonious” work team that only considers a
few, major "well-known" failure modes for each component. It is important that the work
team commit themselves to the thorough approach, and convince management that this
approach will be justified by a higher quality product (more reliable) than the simplified, less
*costly” (in the short-term) approach.
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3.1.2.4 (Continued):

Some components and component piece-parts have a certain "weak-link" failure

machaniem. Thie means that a failura moda in a cartain nart or at a cartain location will
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always fail before any other piece-part or location would fall In this case, the failure modes
are not independent, and only the “weakest" must be carried in the allocation process.

Allocation of reliability to a single piece part that covers a relatively large area can result in
difficult decisions. At one extreme, only one location could be chosen and reliability
allocated to it. This would be appropriate for the "weak-link" phenomenon discussed in the
preceding paragraph. At the other extreme, an infinite number of points could be chosen for
any piece-part and this would require, in theory, an allocation of "0.99999..." to each
individual location. But obviously when locations are chosen close to each other on a singie
piece part, their reliabilities are not longer “independent”, so the product of their reliabilities
would not predict the true reliability of the piece-part. For the piece-part without an obvious
"weak-link", the best strategy would lie somewhere between the two extremes. The decision
for how "close" individual failure modes might be examined on a single piece part might be
based on function, or manufacturing continuity, or a combination of both.

e. Guidelines for "Counting” Failure Modes: The goal of the decision as to how many failure
modes to consider per component should ultimately rest on determining as many cleanly
"independent” failure modes as possible, recognizing differences in piece-parts, differences
in types of failure, and obvious "weak-links". A good guideline to use when determining the
“number" of independent failure modes to count for a certain SRB subsystem component
would be to ask the following questions:

(1) Has the function (of the part) changed?
(2) Has the material (used in the part) changed?
(3) Has the process (to make the part) changed?

When the answer to any of the three questions above is "yes", then an additional failure
mode should be assigned for the same component.

3.1.2.5 Allocation to Subfailure Mode Level (OPTIONAL): When the SRB design is sufficiently detailed,
and the corresponding FMECA is documented, allocation may proceed to the subfailure mode
level. The purpose of such a suballocation may be to force an improvement in a certain mode
that have been troublesome in past motors. Or a new manufacturing process or material may
require a numerical target in order to define acceptable levels of performance. Allocation to the
subfailure mode level will depend on the classification "hierarchy" that is used below the
component level. As illustrated in Section 3.1.2.4, different classification systems will result in
different allocation procedures, regardless of the allocation strategy chosen from
Section 3.1.2.1. Care must be taken because one root cause may also lead to several different
failure modes. In this case, allocation must be to the “primary" mode. Redundant allocations
(from the same root cause) to several subfailure modes will invalidate the "independence"
assumption.
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3.1.2.6 Initial Allocation to Uncertainties:

a. Initial Design/Manufacture Uncertainty: Most engineers recognize that there are

uncertainties associated with the desian and manufacture of a solid rocket booster at the
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time of reliability allocation. For example, some failure modes or failure mode causes
associated with new materials, designs and manufacturing processes may be unknown
when the reliability allocation model is developed. For this reason, it is a prudent practice to
"withhold" a certain percentage (such as 50%) of the total unreliability allotted to the SRB
during the initial allocation as a "reserve”. Then, as these uncertainties become known, the
"reserve" can be utilized to accommodate the new failure modes and causes without
restructuring the entire model.

Another approach would be to include the uncertainties directly in the allocation so that the
concurrent engineering work team can deal with them as appropriate and avoid the cost and
weight penalty when not appropriate.

b. Implications on Allocation when Verifying to a Confidence Level: A common practice in the
past for reliability engineers has been to allocate higher reliabilities to SRBs, subsystems
and components than will actually be expected to be delivered to the customer. Thus the
terms “design reliability" versus "delivered reliability" have been used. Contractors wishing a
delivered reliability of say 0.99 have asked for a design reliability of something greater like
0.995. When procedures for verifying reliability to a given confidence level by accounting for
test data uncertainty (Section 3.3) are employed, then the practice of targeting a higher
"design reliability” is no longer needed. That is, when predicting reliability from a design (no
confidence), the uncertainty must be accounted for in the reliability allocation. However,
when verifying reliability (at a given confidence level) then the uncertainty must be
accounted for in the design margin and test size, not in the allocated reliability.

3.1.3 Reliability Allocation Activity by Program Phase: The purpose of this section is to help the
concurrent engineering work team understand what kinds of reliability allocation efforts should be
performed during the time phases of a SRB program. Unfortunately, different contractors and
customers have different definitions and names for various program phases. This guidebook will
adopt the definitions as proposed in Volume | of the SRB Reliability Guidebook, Section 4.2.1.
These five phases are defined as:

(a) "Conceptual® (preliminary design, or Phase A & B)
(b) "Design and Development" (Demo/Valid or Phase C)
(c) "Qualification" (FSED or Phase C)

(d) "Production” (Phase D)

(e) "Operational"

Generally speaking, the bulk of the reliability allocation effort is conducted during the first two
phases of the SRB program as shown in Figure 9.
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3.1.3.1 Reliability Allocation in the “Conceptual" Phase:

a. Objective: The objective of the conceptual phase is to identify and explore alternative
designs that satisfy the operational performance requirements while meeting reliability
requirements and minimizing cost. During this phase it is of primary importance for the SRB
contractor and its customer to develop an understanding of how reliability requirements can
affect the cost of the SRB under a performance constraint. The reliability allocation activity

begins the effort to develop this understanding.

b. The Role of the "Concurrent Engineering Work Team": As indicated in the introduction
Section 3.1.1, the formation of a concurrent engineering "work team" is crucial if one
expects the Reliability Allocation activity to have any kind of impact on the design effort.
Under the concept of *concurrent engineering®, the work team piays the major roie in the
development of the SRB and its components. Separate teams can also be set up for each
subsystem of the SRB, but the efforts of each should be coordinated by a "systems
integration” team. In connection with reliability activities, the work team not only directs the
work of the allocation effort, but is also intimately involved in the development of the FMECA
as outlined in Chapter 3. At a minimum, the following disciplines should be represented on
each work team:

(1) Design engineering

(2) Reliability engineering

(3) Manufacturing engineering
(4) Quality engineering

(5) Project engineering

(6) Program management

(7) System safety

(8) Human factors engineering

The reliability engineer is primarily responsible for the allocation effort. His ability to perform
this role depends on the level of support from the other members of the team. The project
engineer's role is to generate performance and reliability specifications from the customer's
requirements. The design and manufacturing engineers must communicate the nature of
the design and manufacturing process that meets the performance specifications so that al
failure modes/causes can be adequately identified. The reliability engineer then utilizes the
allocation strategy that best conforms to program management guidelines to allocate
reliabilities to each subsystem, component and failure mode.

c. Level of Effort: Since the design of a SRB can change many times during the conceptual
phase, the work team should not concentrate a lot of effort on allocating at the failure
mode/cause level. Instead, most of the effort should be directed towards discovering how
design changes would affect the chosen reliability allocation at the component or higher
level. This is the time frame when the hierarchal classification structure (*indenturing
system") of the FMECA should be incorporated into the allocation strategy. If a
performance/cost/reliability or "P/C/R" allocation method has been chosen, then the key
P/C/R failure modes inherent to each component should also be identified during this phase.
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3.1.3.1 (Continued):

If very high reliability requirements are mandated by the customer, it should become
apparent during the allocation activity that the less-complex designs with the fewer failure
modes become more attractive solutions to meeting performance requirements at minimum
costs. It is crucial for the reliability engineer to help the design engineer steer clear of very
complex designs which might yield a slight increase from a performance standpoint, but
from a reliability standpoint would dramatically increase the "cost".

3.1.3.2 Reliability Allocation in the "Design and Development” Phase:

a. Objective: The objective of the design and development phase is to thoroughly develop and
analyze the selected SRB design that would best meet performance and reliability
requirements at a minimum cost. From a reliability standpoint, it is most important during
this time frame that all failure modes be identified and that all failure causes are understood.
The reliability allocation effort focuses on extending (and re-allocating when appropriate)
allocations that were developed during the conceptual phase to the "hardened" design
specifics including components, manufacturing process, transportatiorn/handling and launch
operations.

b. Suballocations: The reliability allocation efforts during the design and development phase
are the responsibility of the concurrent engineering work team. As part of the team, the
reliability engineer has primary responsibility for suballocating reliabilities to identified modes
and, where applicable, to identified causes using the strategy that best coincides with
management guidelines. The developing FMECA and its accompanying hierarchal
classification structure serve as the template for the reliability engineer to make the
suballocations. As the design "hardens”, failure mode causes unique to the specific design
will emerge and require suballocations. As specific manufacturing processes are selected,
other failure modes/causes will need to be identified and have reliability allocations. These
allocations should have a direct impact on future process control measures. As
transportation/handling and flight operations become identified, additional failure
modes/causes unique to these operations will be identified by the work team in the FMECA
and will also require reliability suballocations.

c. Re-allocation/Using the "Reserve": Under normal circumstances, it will become necessary
to utilize some of the reliability initially allocated to "uncertainties" (see Section 3.1.2.7)
during the Design and Development Phase, or re-allocate reliability as appropriate.

d. Comparison with Predictions: As early test data and engineering modelling results become
available during this phase, the reliability engineer should compare reliability predictions (see
Section 3.2) with the reliability allocations as soon as possible. If reliability predictions (with
no confidence level) are near or less than reliability allocations, then some modifications will
be necessary. Since this may involve a change in design, the reliability engineer must
always be in touch with the design engineer(s) on the work team. In this way reliability will
really have an effect on the design and "concurrent engineering” will become something
more than a "buzzword".

Documents

Document Sharing Hub

Full document details: SAE AIR5006_2


http://avadocuments2026.com/doc/sae-air5006-2
http://avadocuments2026.com/doc/sae-air5006-2

SAE AIR5006/2 Page 42 of 364

3.1.3.3 Reliability Allocation in the "Qualification" Phase:

a. Objective: The objective of the qualification phase is to manufacture, test and evaluate the

full-ecale SRR, subgvetems and subgvetem comnonents in aorder to \lnrlf\l that the Hnmgn
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and manufacturing process meet performance and reliability requirements. The emphasis
of reliability effort has generally shifted from the early activities of allocation and prediction to
one of reliability verification. However, there are some circumstances which might require a
re-evaluation of the allocations made during the earlier phases.

b. Comparison with Test Data: As "full-scale" applicable test data become available, verified
levels of reliability (at a predetermined confidence level) should be compared with the
allocations made for each subsystem, component and failure mode. Failure modes which
do not meet their allocated reliability will be evaluated by the work team to determine the
minimum cost alternative to meet the performance and reliability requirement. These
alternatives may include more tests, a design change, or a re-allocation of reliability. It
should be noted that re-allocating reliability at this stage (“borrowing from Peter to pay Paul”)
so that all failure modes would simultaneously meet their requirement for the same test data
somewhat invalidates the true statistical meaning of the established confidence level.
Another use of re-allocation at this stage is when a previously unknown failure mode or
cause is discovered during the qualification testing. Reliability from the “uncertainty reserve"
could normally be used to cover these situations.

3.1.3.4 Reliability Allocation in the "Production” and "Operational" Phases: The production phase
covers the period from production approval until the last SRB is delivered and accepted by the
customer. The operational phase covers the period of SRB deployment and operational use.
Usually these two phases will have some time overlap. With the exception of re-allocation for a
design change, there is little, if any, activity for the reliability allocation effort during these two
phases.

3.1.4 Reliability Allocation Issues:
3.1.4.1 "Trade Studies" Involving Reliability Allocated to the SRB:

a. The "Cost" of Reliability: The question on the minds of most prime contractors/customers
during the proposal or even preliminary phase of a contract is, "How much is an increase in
the reliability requirement going to cost?" The customer would like to see a curve that would
predict the unit cost per motor for any given reliability specified, while meeting a specific
performance criteria. While this is certainly desirable, a "cost diagram” is not necessarily
achievable until the design is complete. Then the “cost" of DDT&E and per/unit production
costs can be calculated that would meet a verified level of reliability. Theoretically, if all
failure modes were known and understood, any level of reliability would be attainable by a
SRB. However, in practice, no matter how much money was spent, no reliability above a
certain level may be achievable because of inherent uncertainties. Costs for an increase in
"verified" reliability would include increased development/design activity, increased margins
and increased test programs.
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3.1.4.1 (Continued):
b. Trade Study Possibilities:

(1) How does an overall increase or decrease in SRB allocated reliability affect recurring
(materials and manufacture) and nonrecurring (design, development, and test) costs?

(2) How does a change in the amount of unreliability allocated to the various subsystems
and components affect cost while meeting a specified performance requirement? For
example, if we take some "unreliability * from the case and give it to the nozzle, can we
reduce the cost of the motor and/or the testing program?

(3) Can the reliability allocated to the SRB be verified in a reasonable number of tests and is
it achievable given inherent uncertainties?

(4) Does the allocated reliability need to be re-negotiated with customer?
3.1.4.2 When Reliability Allocations are not Met:

a. Condition 1 - During Prediction: If a reliability prediction does not meet a reliability allocation
for a given failure mode, component, or subsystem, then several options are available to the
work team. Assuming a fixed total reliability for the SRB, the concurrent engineering work
team can either (1) re-allocate to give more unreliability to the component or mode in need
(i.e., "borrowing from Peter to pay Paul”), or (2) increase the designed reliability margin.
Increasing the design reliability margin can be accomplished in a number of ways. One
method is to simply increase the nominal difference between the "performance" and
"capability” distributions that form the failure mode distribution. Another way is to decrease
the inherent variability in one or more of the variables that form the failure function. This
path might require a technology development or tighter process control. Another option
available to the work team is some sort of re-design that would eliminate or "close" the
failure mode.

Actually, because of possible variations in actual test data (from model predictions) during
the verification phase, any model prediction which comes even "close" to the allocated level
ought to be carefully evaluated before committing the design to the verification phase.

b. Condition 2 - During Verification: If verification test results do not meet an allocated
reliability at a specified confidence level, then the work team has a number of options to
pursue. First of all, if a particular mode or component does not meet its individual allocation,
but the SRB as a system does meet its overall reliability allocation, then the work team may
consider re-distributing allocations on the "borrow from Peter to pay Paul” principle so that
all reliability allocations are met. However, this "post-design/post-test paper exercise" has
implications on the confidence level for verification purposes and must be carefully analyzed
before it is implemented. If the SRB does not meet its overall reliability allocation and/or if
re-distributing allocations is deemed inappropriate, the work team has several options to
consider. Each of these options should be evaluated by the work team to determine the
least costly to the system.
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3.1.4.2 (Continued):

(1) Option 1: The first option is to simply increase the number of verification tests in order to

reduce the amount of uncertainty in the parameter estimates of the failure mode

distribution. This method does not increase the reliability per se, but only reduces one's
uncertainty so that a higher level of confidence is available given the same parameter
estimates. In general, one could expect a higher level of reliability to be estimated at a
fixed confidence level from additional tests. However, it is possible that additional test data
may not increase the reliability estimate at all. New test data could provide "better” (more
certain) estimates of less reliability.

(2) Option 2: Another option would be to increase the reliability margin (change in design,
materials, or manufacturing process) and then conduct additional verification tests.
Increasing the design reliability margin can be accomplished in a number of ways as
described above under "Condition 1 - During Prediction®.

(3) Option 3: A final option available would be to re-negotiate with the customer to obtain a
lower reliability allocation for the SRB. This program-level manager's decision can only be
prudently made after the work team presents the cost of each of the options described
above.

3.1.4.3 Concurrent Development of FMECA During Allocation:

a. Relationship to FMECA Development: The scope and validity of the reliability allocation
process are directly related to the scope and validity of the FMECA development. In fact,
the concurrent engineering work team that determines the reliability allocations should be
the same team that works to develop the FMECA. This team needs to be very open
minded, particularly during the early FMECA/Allocation development time period. Newly
discovered failure modes/causes from the FMECA process should always be considered for
reliability allocation. As the process failure modes/causes become defined from the
manufacturing process, “reserve" allocations can be distributed as discussed in
Section 3.1.2.7.

NOTE: The FMECA development is discussed in detail in Chapter 4 of this guidebook, and
the details will not be repeated here.

b. Implications of Unknown Failure Modes: The presence of unknown failure modes and/or
failure causes has serious implications on the reliability allocation/prediction/verification
process. Merely designating a certain portion of unreliability to "uncertainties" will not
validate the methodology in the presence of unknown or misunderstood failure modes.
Everything that the work team can do to reduce the possibility of unknown modes/causes
should be considered. The presence of "test-to-fail' procedures in the verification process
can help to reduce this possibility. Also, the loads, requirements and interface designs
obtained from the prime contractor/customer must be thoroughly evaluated and verified
before the reliability process is considered complete.
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3.2 Reliability Prediction:
3.2.1 Definition and Purpose of Reliability Prediction:

a. Definition: Reliability prediction is the estimate of a numerical probability of success (or failure)
for future use of the solid rocket booster, each booster subsystem, each subsystem
component and each failure mode. The purpose of reliability prediction is to translate evolving
and ever-changing data about the design, manufacture, and operation of a solid rocket
booster into meaningful statements of probability that can be used to assess and compare
various design decisions. Reliability prediction inherently involves the use of many
assumptions. As the assumptions (or data) change, so can the predictions. It should be
recognized that the use of reliability predictions solely as a "post-design paper chase" activity
has no chance to infiuence the reiiability of the rocket motor itselif.

b. Role of Concurrent Engineering: To really be useful, reliability predictions must be an integral
part of the design effort. "Concurrent" engineering requires that various design alternatives,
along with data and assumptions, be passed to the reliability engineer who then makes an
assessment which can then be used to judge the appropriateness of each design alternative.
Used correctly in this manner, reliability predictions can be a powerful tool for the development
of highly reliable motors as well as to optimize cost and performance. The procedures used to
develop reliability predictions necessarily force the design effort to produce relevant data and
to think about functional requirements in terms of reliability early in the design phase. When
the design engineer is forced to think about just how a particular component might fail due to
uncertainties in design, manufacture or operational conditions, powerful new innovations can
be the result. Also, the patterns and models used to develop reliability predictions are
forerunners to the most important effort of reliability verification that is discussed in
Section 3.3.

c. Scope: Predicting reliability in a SRB normally requires the use of probability models that are
fundamentally different from other propulsion systems. A SRB is a relatively simple device
with an order of magnitude fewer components compared to other propulsion systems such as
liquid rocket or aircraft engines. Because the number of failure modes involved in 2 SRB is
much lower, it is much easier to combine functions derived from relationships at a
fundamental failure mode/case level to represent component, subsystem and SRB behavior.
Section 3.2 will introduce reliability models and present several methodologies that are
uniquely applicable to the world of SRB reliability prediction. These methodologies can be
classified into two categories; (1) those with failure functions and (2) those without failure
functions. The advantages, limitations, assumptions, and proper use of each of these
methods will also be discussed. Special attention is concentrated on prediction techniques
involving the use of probabilistic methodology. Various activities related to reliability prediction
that take place during each of the program phases will then be presented. Finally, several
issues of importance that are keys to the successful modeling of reliability in a SRB will be
discussed.
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3.2.2 Reliability Prediction Procedures:
3.2.2.1 Prediction Models:

a. Application: A prediction model translates information about a particular SRB design, its
performance and operational environment into mathematical functions which estimate the
probability of success for a SRB, subsystems, subsystem components or failure modes.
Some prediction models are quite simple and others can be very complicated depending on
the scope, approach, assumptions and applications involved. Prediction models are best
utilized in order to compare possible design and manufacturing alternatives, or to make
preliminary assessments of a given design relative to previously allocated reliability.
Prediction models may utilize the same form of functions as the verification models that will
follow. The basic difference between the two involves the type of data used in the model. In
verification models, principally “full-scale applicable” data are used to estimate the
parameters of the variables in the mathematical functions, and the inherent uncertainty
relative to the "sample size" tested is used to generate a "confidence interval" about the
estimate of reliability. With prediction models, if no applicable test data are available, there
is no expression of inherent uncertainty about the parameter values of the variables used in
the mathematical functions and, therefore, no real confidence interval about the predicted
reliability is appropriate. Engineering "guestimates®, past experience with similar
components, theoretical models, analytical and iterative solution models, computer
simulations and some subscale test data can all be used to generate variable values for a
prediction model.

b. Types of Models: For the purposes of predicting SRB and component reliability there are
basically two type of models that can be used.

The first kind of model does not try to represent the failure of a componentin a SRB as a
mathematical relationship between different variables that represent physical properties of
the component or its environment. That is, no "failure functions" are generated in order to
try and predict reliability. Instead, these are "empirical" based models that utilize past
information in order to predict future reliability without a basic expression of the physics of
the phenomenon.

The second kind of model utilizes the “failure function" to model the physical relationship of
failure at the failure mode level. Each variable in the function is no longer a determined
value, but is rather a "random variable". That is, each variable now represents a distribution
of possible values that could be encountered at different times on different components.
This "probabilistic” (sometimes called "stochastic” as opposed to “deterministic")
representation of failure modes forms the basis for SRB reliability predictions using the
second type of model.

Examples of various prediction model techniques from both types, their proper use,

strengths and weaknesses, and accompanying assumptions and implications, will be the
focus of the remainder of Section 3.2.2.
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3.2.2.2 Prediction Methods without the Use of Failure Functions:
3.2.2.2.1 Prediction Based on Past Demonstrated Reliability:

a. Surrogate Predictions: The simplest approach to reliability prediction is to use past data to
predict future success. The estimate of past reliability is obtained by dividing the number
of "successes" by the total number of "tests" to date.

NOTE: See Section 3.4.4.1 for a discussion on the counting of “success" and “failure”.

This "success ratio” can then be modified as it is utilized to predict reliability for a new
SRB, subsystem, component or failure mode. Also, time or cycle dependent failure rates
for electrical and other mechanicai/hydraulic processes can be predicted with this method.
Obviously, the validity of this approach depends directly upon how similar the past SRB,
subsystem, component or failure mode and its operational environment is to the current
one whose reliability is being predicted. Historically demonstrated reliabilities (from
subsystems, components or failure modes) that are similar enough to qualify as a
substitute for reliability data that are currently unavailable from a new SRB are called
"surrogate” reliability predictions.

b. Surrogate Subsystems: This is probably the most viable use of demonstrated reliability for
prediction purposes. Occasionally a good case, propellant, ignition system, insulation,
nozzle or other complete subsystem design from one SRB will be used in another SRB
program with little modification. If the manufacturing facilities, operational loads and
environments for the new SRB are similar to the previous usage, then demonstrated
reliability can be an appropriate prediction for the entire subsystem (including components
and failure modes) reliability of the new SRB. Care should be taken, however, to ensure
that the interfaces with other subsystems of the new SRB design have not introduced new
failure modes/causes that were not accounted for with the reliability demonstrated from the
old design.

¢. Surrogate Components: Demonstrated reliabilities of surrogate subsystem components
from nonsurrogate (dissimilar) subsystems are less likely to be applicable for reliability
prediction of new SRB subsystem components. This is because the individual component
interfaces, loads and environments are usually substantially altered from one subsystem
design to another. However, subsystem components that tend to operate in a more
"independent” manner from the other components in the subsystem are better candidates
for surrogate reliability prediction. For example, the demonstrated reliability of a certain
design of initiator in an ignition system might qualify for use as an appropriate surrogate
prediction for the same initiator in a new ignition system.
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3.22.2.1 (Continued):

d. Surrogate Failure Modes: Demonstrated reliabilities at the failure mode level from
nonsurrogate (dissimilar) components are the least likely for appropriate application as
surrogate predictions. Changes at the component level usually alter the environment
that determines probability of failure for individual modes enough to render past
demonstrations of reliability at the mode level meaningless for prediction purposes. The
more "independent” in nature the failure mode is from the other failure modes in the
component, however, the more likely candidate it becomes for use in surrogate

prediction.

e. Surrogate Prediction Issues: When appropriately applicable, surrogate reliability
predictions are the quickest and easiest (and sometimes most accurate) way of
predicting SRB reliability. The main concern with their use is that nothing be changed
that would affect the demonstrated reliability that is being borrowed from the previous
SRB. Reliability engineers, with the assistance of the engineers on the concurrent
engineering work team, must really understand the new SRB design, manufacturing
process and operational environment before they can make that judgement.

To be useful for surrogate prediction, the uncertainty in the estimate of demonstrated
reliability must be compatible with the degree of accuracy required for the reliability. The
higher the reliability requirement for the SRB, the more difficult it becomes to usefully
apply surrogate predictions. For example, if a SRB has a reliability requirement at the
third decimal level (e.g., 0.995 or 0.994), then individual subsystems will likely have
requirements at the fourth decimal level (e.g., 0.9992 or 0.9996). However, if a
"go/no-go" surrogate subsystem has only been tested several hundred times, then the
precision in estimating the demonstrated reliability of that subsystem is certainly not
accurate beyond the third decimal level at any confidence level 50% or greater.

3.2.2.2.2 Predictions Based on a Combined Data (Binomial) Approach:

a. Introduction to the Combined Data Approach: The theory behind the use of a “combined
data" approach is that past data (like surrogate) can be usefully combined with limited data
from a new program to help "quickly" estimate the parameters of a variable's distribution.
This is in contrast to the “classical" approach that starts with the assumption that nothing
(except maybe the form of the distribution) is known about a particular variable's
parameter before samples are taken. As more information becomes available, new
estimates of the parameter are generated that are a function of both the surrogate data as
well as the new data. The more new data added, the less influential the surrogate data
become. It should be noted that for applications with little new data, the assumption of the
"prior" estimate of the parameter will heavily influence the "updated" estimate of
parameter.
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3.2.2.2.2 (Continued):

b. The Combined Data (Binomial) Application: The combined data approach can be utilized
with new and surrogate data to predict reliability for models that do not consider failure

functions by applying the binomial distribution whose parameter "p" will represent
reliability.

NOTE: The binomial is a one-parameter distribution.

In this case, the "success ratio" of the surrogate data is used as an initial estimate “p" for
the parameter p. As test data become available, the "success ratio" for the new design is
added to the surrogate data to provide an updated estimate for p. For example, suppose
a certain nozzle has been used in a SRB and has experienced only one failure in 550
firings. Then a nozzle very similar in design for a new SRB is built and successfully test
fired five times. Then our initial binomial distribution parameter estimate of p is:

n=P= (5’53) = 0.99818 (Eq.13)
550

and the updated estimate for p becomes:

_ (549+5)

= = 0.99820 Eq.14
(550 + 5) (Eq-14)

The updated estimate for p is then used to predict reliability for the new nozzle using the
combined data (binomial) method.

A slight modification to this method is to "weight" the new data more than the surrogate
data. Thatis, a "weighted ratio" can be used as the updated parameter estimate "P". One
simple variant of this method would be to “count” only one for each two surrogate tests.
This has the effect of "halving” the influence of the surrogate data on the prediction. In the
example above, then, the updated parameter estimate of p is:

)

= 2/ _

P= ( @) = 0.99821 (Eq.15)
2

Another variant would be to "exponentially weight" each new data point as a function of

either time or test order.
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3.2.2.2.2 (Continued):

c. Combined Data (binomial) Issues: The validity of the combined data (binomial) reliability
prediction depends directly upon the assumption that the surrogate data are from the
same "population” as the data from the new design. As with the prediction methods using
surrogate data as described in Section 3.2.2.2.1, any changes in design, manufacture,
loads or environment will affect the accuracy of the prediction. The advantage of the
combined data (binomial) method is that it allows the reliability engineer to make a
prediction based upon a combination of two distinct samples, the surrogate sample and
the "new" sample. This yields a slightly larger test size (with more valid data) than using
only the surrogate data, and a much larger test size (but with less valid data) than using

only the tests from the new design.
3.2.2.3 Prediction Methods with the Use of Probabilistic Failure Functions:
3.2.2.3.1 Defining Solid Rocket Booster Probabilistic Failure Functions:

a. Unique Nature of SRB Failure Modes: Many reliability analysis procedures attempt to
determine the “time-to-fail" distribution of a certain component or system. The key
question of interest is, "after how much time operating this system will it take for any part
selected at random to fail?" The variation in these "life" distributions is part-to-part time-to-
failure. Time might be measured in years, days, minutes or even seconds depending on
the nature of the system. Of the most interest in this analysis is not just the "average" (or
50 percentile) point, but rather the lower or "short" end of the distribution that would predict
the shortest running time. Usually a "Weibull* distribution is used to estimate the
probability of failure at any given time for these time-to-fail parts or systems. Jet engines
and other liquid engine propulsion systems routinely use this approach for reliability
analysis. Also, some SRB electrical and TVC systems can be evaluated using this
methodology.

Most SRB failure modes, however, are not normally characterized in a “time-to-fail"
manner. Most SRB failure modes are a "yes/no" or "event driven" type of occurrence.
That is, the failure either occurs or does not occur every time the system is fired or tested.
This phenomenon is sometimes called a "static failure" as opposed to the "life failure"
described in the paragraph above.
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