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Preface 

A t  the request of the Advisory Group for Aerospace Research and Development (AGARD) Flight Mechanics Panel, the 
author attempted to prepare a document outlining the rudiments of reliahility and maintainability (R&M) evaluations 
conducted during initial flight test programs. Many military organimtions prefer to defer R & M  evaluations until the new 
equipment has been delivered to the eventual user. Other organizations do not structure R & M  engincering as an integral par? 
of the flight test team. The US. Air Force Flight Test Centcr at Edwards AFB, California has long conducted R&M 
evaluations during initial flight test and this document is written from that perspective. 

The AGARDograph presumes an entry level R&M engineering skill and does not dwell on R&M fundamentals. 

I t  i s  hoped that this AGARDograph wil l  satisfy any need for understanding of R&M evaluations conducted during initial 
tl ight test. 

Preface 

A la demande du Panel AGARD de la Mkcanique du vol. I’auteur a rCdigi un document qui prksente les principes de base des 
&valuations de tiahilitC et de inaintcnahilitC (R&M) cfl‘ectdcs lors des programnies des premiers essais en vol. Ban nomhre 
d’organisations militaires choisisscnt de diffkrer Ics Cvaluations R&M jusqu’ i  ce que le  mathiel neuf a i l  616 riceptionn6 par 
I’utilisateur. D’autres organisations prfl?rcnt ne pas int6grer I’ing6nicrie R & M  dans les fonctions de I’equipe d’essais en vol. 
Depuis t r b  longlcmps. le ceiitre d’essais en vol dc I’US A i r  Forcc 21 Edwards, en Califomie, rtaliue dcs &valuations R & M  
lors des premiers essais en vol et ce document est redig6 dans cette optiquc. 

La lecture de cclte ACARDographie exige, toutcfois. un certain iiivcau de connaissances en ingCnicrie R & M  

Ce document doit permeltre une meilleurc comprehension des kvaluations R&M effectuCes lors des premiers essais en vol. 

... 
UI 



Acknowledgement 
to 

Flight Test Editorial Committee Members 

Appleford, J.K. 
Bever, G. 
Bothe, H. 
Campos, L.M.B. 
Hildebrand, R.R. 
Knjn, R. 
van der Velde, R.L 
Van Norman, C.  
Zundel, Y .  

A&AEERIK 
NASAJUS 
DLWGE 
ISTI”0 
AFFTCRIS 
NLR/NE 
NLWNE 
AFFTCNS 
CEVIFR 

R.A. RUSSELL 
Member, Flight Vehicle Integration Panel 
Chairman, Flight Test Editorial Committee 



Table of Contents 

Preface 

Acknowledgement 

Summary 

1.0 Introduction 
1 . I  Purpose of Volume 
1.2 Scopc 
1.3 Organization 
1.4 Acknowledgmcnts 

2.0 R&M Test Objectives 
2.1 Introduction 
2.2 Rcliahility Maturation 
2.3 Maintainability Maturation 
2.4 Duty Cycle Improvcmcnt 
2.5 Contractor Pcrformancc Verification 
2.6 Deficicncy Idcntification 
2.1 Iinprovemcnts 
2.8 Maturc Syslcm Capability 
2.9 Logistics Requircments 
2.10 Summary 

3.0 Development/Acquisition Process 
3.1 Requirements Dcfinition 
3.2 Contractual Requircmcnts 
3.3 Dcsign Rcvicws 
3.4 Flight Readiness Rcvicws 

4.0 Test Planning 

4.2 Pcrsonncl 
4.3 Tcst Assct Requirement 
4.4 R&M Data Requirements 
4.5 Flight Crew Debriefing 
4.6 Maintcnancc Data 
4.7 Maintcnancc Data Proccssing 
4.8 Failure Analysis 
4.9 Instrumentation Data 
4.10 Instruincntation Data Processing 
4.11 Safety 
4.12 Joint Reliability and Maintainahility Evaluation Teams (JRMET) 

4.1 Gcncral 

5.0 Test Conduct 
5.1 Initial Inspection 
5.2 Schedule MaintcnancclServicing 
5.3 Unscheduled MaintenancelReliahility 
5.4 Unschedulcd Maintcnancc/Maintainahility 
5.5 Contractual Rcquirements Vcrification 

Page 

iii 

iv 

1 

1 
1 
2 
2 
2 

2 
2 
3 
3 
5 
6 
6 
6 
7 
7 
7 

7 
7 
8 
8 
15 

15 
15 
15 
16 
17 
17 
19 
20 
20 
20 
23 
24 
26 

27 
27 
28 
31 
33 
34 



5.6 Built-in-Tcsl 
5.7 Summary 

6.0 Data Analysis and Presentation 
6. I Production Rcadincss 
6.2 Spccification Vcrilication 

7.0 Reporting 
7.1 Gcncral 
7.2 Dcficicncics 
7.3 Progrcss Rcports 
7.4 Final Technical Rcports 
7.5 Lessons Lcarncd 
7.6 Tcchnical Socicty Papcrs 

8.0 Follow-~p 
8.1 Accident Rcports 
8.2 In-Scrvicc R&M Data 
8.3 Modification Requirements 

9.0 Future Considerations 
9.1 Processes 
9.2 Tcchnologics 

References 

Appendix A - Reliability and Maintainability Data Collection Elements 

Appendix B - JRMET Charter 

Annex 
AGARD Flight Test Instrunlentation and Flight Test Techniques Series 

Yi 

34 
34 

34 
35 
37 

38 
38 
38 
41 
41 
41 
41 

41 
41 
43 
43 

43 
43 
43 

47 

52 

55 



I 

RELIABILITY AND MAINTAINABILITY FLIGHT TEST TECHNIQUES 

by Jan M. Howell 
412 Test WingIDOER 

Edwards Air Force Base, California, USA 

SUMMARY 

Reliability and maintainability (Ram evaluations can 
be conducted during the initial flight test of new and 
modified aerospace systems. Newly developed 
equipment usually has only a fraction of the reliability 
needed. These evaluations, combined with extensive 
laboratory test effolts, are. required to bring the system 
to an acceptable level of R&M performance. No flight 
time is normally dedicated to these R&M evaluations, 
but some ground time is required. Other unique 
required resources include trained R&M engineering 
personnel, R&M data, and data reduction capability. 
Results include identification of R&M deficiencies and 
measurement of R&M parameters. 

1.0 INTRO DUCTION 

1.1 Purpase of Volume 

This AGARDograph provides information to the 
reader who must evaluate reliability and 

maintainability (R&M) of aeronautical weapons 
systems during initial flight test. Flight test R&M 
evaluations are essential because R&M characteristics 
cannot be predicted with any degree of success. Initial 
reliability for newly designed equipment is normally 
10 to 20 percent of the predicted value. The actual 
reliability begins to approach the original prediction 
only after considerable laboratoly and flight test. 

Table 1 lists the predicted reliability, laboratoly test 
reliability, and the fleet use reliability for several 
different types of U.S. aeronautical equipment. The 
large differences between predictions, laboratory test, 
and actual use vividly show the need for indepth flight 
test R&M evaluations. This volume concentrates on 
flight test because of the demonstrated need to evaluate 
systems during actual usage. Laboratow testing is 
discussed only as it relates to flight test. 

Table 1 
Specified, Predicted, Demonstrated, and Actual Reliability 

Meantime Between Failures in Hours 
(Data 

EQUIPMENT 

ALQ-13 1 
(F-4G radar waming 

ALQ-135 
(F-15C radar waming) 

APG-66 
(F-16 attack radar) 

APQ-114 
(FB-111 attack radar) 

ARC-164 
(F-111 UHF radio) 

ARC-I64 
(B-52H UHF radio) 

m a  1987 Rome A 
CONTRACT 
SPECIFIED 

17 

~ 

131 

80 

137 

1,000 

1,000 

>evelopment Cente 
CONTRACTOR 

-PREDICTED 

______ 

59 

169 

150 

185 

1,626 

1,626 

J.S. Air Force Stud 
LABORATORY 

TEST 

47 

23 1 

55 

212 

374 

374 

ACTUAL USE 

268 

66 

97 

22 

168 

843 
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R&M evaluations consist of two general areas: R&M 
engineering and R&M accounting. R&M engineering 
is the engineering practice needed to yield a reliable 
and maintainable product. This is the science (or 
perhaps art) of designing and manufacturing 
equipment suitable for the intended operational and 
support environments. During flight test R&M 
engineering is the process of finding and fixing 
problems. R&Maccounting, incontrast, measures how 
well a particular equipment suits a specific operational 
and support environment. This volume addresses both 
the enginwring and accounting aspects of R&M 
evaluations. 

1.2 Scope 

This volumc will address the "how to" ~Fconducting 
flight test R&M evaluations of aeronautical systems. 
These techniques have been used to test aircraft, 
missiles, and munitions. While these methods are 
somewhat general in nature the reader must modify 
these concepts for use in nonairborne environments. 
Forexample, thisvolumeuses flight hours as ameasure 
of operational use. A ground-based cargo 
transportation system might use tonne-kilometers as a 
measure of operational usage. Any such needed 
re-interpretations are left to the concemed reader. 

Thisvolumealsopresumesthatareaderhasknowledge 
of the fundamental tenets of reliability and 
maintainability. Many excellent textbooks, for the 
novice and for the sophisticate, are readily available. 

This volume addresses system level evaluations. That 
is, evaluations are not limited to the air vehicle but 
include aspects of the system such as ground support 
equipment, facilities, and trainers. Further, test articles 
such as aihome avionics a d  subsystem test beds 
provide much useful information. Many ground test 
facilities such as anechoic chambers and avionic 
integration laboratories are co-located with and used 
during flight test. The R&M data from these facilities 
should be usedinconjunctionwithdatafromflight test. 

Most of this volume discusses evaluations suitable for 
systems with a possibility of production in significant 
quantity. Those systems or air vehicles built purely for 
research purposes (such as the AmericanX-29) require 
different treatment because vehicle availability and 
cost of ownership arc secondary considerations for 
such limited life efforts. 

1.3 Oreanization 

The first major section of this volume discusses the 
objectives of anR&M evaluation in some detail. This 
level of knowledge is needed to advocate, plan, and 
conduct R&M evaluations. The remainder of the 
volume proceeds in same order as a development 
program would. First, the development and acquisition 
process and the R&M flight test engineer's role is 
discussed. When the ' evaluation objectives and 
acquisition process are understood, the groundwok is 
laid for a discussion of the planning and preparation 
needed for a successful evaluation. 

Next, test conduct, data analysis, and results reporting 
are discussed. At this point, the flight test effort is 
complete. But, the test community must monitor the 
fleet usage of the aircraft to leam of any test oversights 
and a chapter of the volume addresses that process. 

Finally, the volume presents some future R&M 
considerations. This section, perhaps optimistically, 
lists some evolving R&M engineering tools and 
technologies that will lead to improvement in 
aerospace systems. 

1.4 Acknowledgments 

The use of specific references bas been deliberately 
minimized. This was done to make the volume 
applicable to a variety of aeronautical systems. This 
approach also lowers the possibility of inadvertently 
including any proprietaq or sensitive information. 

Much of any value arising from this document 
originated with those long-departed individuals who 
taught and mentored the author throughout a career. 
The remainingvalue was added by individuals from the 
Nolth Atlantic Treaty Organization (NATO) nations 
who generously contributed time and energy to consult 
with the author and review the document. Weaknesses 
and errors belong to the author. 

2.0 R&M TEST OBJECTIVES 

2.1 Introduction 

"When yon don't know where you are going, any road 
will get you there." Before starting any endeavor, first 
understand the objectives and benefits. The remainder 
of this chapter will discuss the objectives of an R&M 
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man-hours to find the exact failure cause. The problem 
was eventually traced to the work of one technician 
whose job was to insert microelectronics packages into 
circuit boards. The workshop was properly designed to 
prevent electrostatic damage. However, when 
observed, the technician was not using all of the 
protective equipment. When asked why the employee 
had not worn the wrist earthing strap, the 
(ir)responsible assembler said that the strap was 
uncomfortable. A brief discussion about potential 
employment discontinuities caused the reliability of 
the employee's paaicular work to increase 
dramatically. 

Other changes that do not require a re-design include 
changes of parts suppliers and increasing p a ~ S  quality. 
These changes are more expensive and require more 
time. The most expensive efforts are those where the 
actual equipment design must be changed. A common 
cause of re-design are initial designs that are not suited 
to the operating environment. One U.S. attack aircraft 
cockpit display failed during every gunfire mission, 
hardly a desirable feature in an air-to-ground weapons 
system. 

Figure 1 shows the percentage of environmentally 
caused failures by specific environmental factor. 
Temperature or vibration cause most environmental 
problems and may require instrumenting the aircraft to 
define the problem. The instrumentation installation, 
data acquisition and analysis, and eventual re-design 
are long and costly processes. One recent U.S. avionic 
development program was blessed with both thermal 
andvibration problems sufficient to cause an 18-month 
program delay. 

2.3 Maintainabilitv Maturation 

The idea of "maintainability growth'' is not as accepted 
or as well studied as reliability growth but 
maintainability will improve if enough resources are 
correctly applied to that objective. While the 
improvement will not be an order of magnitude (as 
sometimes happens in reliability), the resultant cost 
savings and increase in capability will be wolthwhile. 
The two segments of a repair task most amiable to 
improvement are fault isolation and fault correction. 
Improved trouble-shooting procedures, test 
equipment, andbuilt-in-test capability will all decrease 
task time. Special training will improve performance 
of very difficult tasks. 

evaluation. Potential benefits, along with some 
examples, will also be shown 

2.2 Reliabilitv Maturation 

The most important objective of any R&M evaluation 
is to increase system reliability, lower life cycle cost, 
and increase missioncapability. Initialversions of new 
hardware usually have 10 to 20 percent of the sought 
after reliability; the ground and flight reliability test 
effort is really a reliability maturation program. A 
common misconception is that R&M evaluations are 
only to measure R&M values. Measurement for 
measurement's sake can be a sterile exercise; the real 
value is in getting the information needed to improve 
the product. This point cannot be over emphasized. 
Declining defense budgets dictates military utility must 
be maximized by weapons systems that work. In the 
world environment today, quality is viewed as the most 
important characteristic of any product. The nation, the 
manufacturer, and the ultimate consumer that do not 
understand this are destined for extinction. 

The classical reliability improvement effoa is often 
called "test-analyze-fix." In aperfect world, equipment 
would work correctly when first delivered to the 
customer. That is not now, nor soon likely to be, the 
case, To engineer is a human endeavor and therefore, 
prone to errors. Such errors become noticeably more 
frequent on the forefront of technology. And military 
systems are always required to counterthe most current 
threat. That dictates the continual use of leading edge 
technology. So, eliminating initial reliability problems 
will always be a challenge in military systems. 

The reliability improvement process is commonly 
called "reliability growth." Like in nature, this growth 
does not occur unless conditions are right. Maximum 
growth occurs when the object is constantly fertilized 
with money to find and fix problems. 

The process is simply to identify the root cause of 
failures that occur during flight test and eliminate the 
cause. Experience shows that the vast majority of 
failures do not require a design change to eliminate the 
failure cause. Instead, changing the manufacturing 
process to remove latent defects corrects over 80 
percent of the problems. Changes to the manufacturing 
process are usually inexpensive and do not take long to 
implement. A common example from the early 
microelectronics era was electrostatic damage. One 
memorable case required hundreds of engineering 
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is, to make certain thatvehicle subsystems are operated 
orstressedonly whenneeded. While this is a seemingly 
obvious objective, experience shows that almost all 
aircraft have some equipments that operate more than 
required. The fighter aircraft UHF radio that operated 
any time that ground power was applied to the aircraft 
wasagoodexample. Theonlyway topreventoperation 
was to open circuit breakers that were not accessible 
from the cockpit. The aircraft was modified to prevent 
unneeded ground operation and the radio reliability 
(measured in flight hours) increased threefold. 

A unique example occurred on a test aircraft that had a 
vely high failure rate of fuel quantity probes. The 
problem was most puzzling because similar aircraft did 
not have the problem. Investigation showed that the 
aircraft was instrumented with a system that required 
lengthy ground operating periods to calibrate. The fuel 
quantity system was also energized whenever ground 
power was applied. The test base had a high bacteria 
count in the jet fuel supply. The continuous voltage 
applied to the capacitive type fuel probes caused the 
bacteria to "electroplate" between the probe plates and 
short out the quantity sensor. Changed operating 
procedures opened the fuel quantity system circuit 
breakers whenever possible and vanquished the 
problem. 

Table 2 shows the subsystem operating time-to-flight 
time ratiosfor anattackaircraft. Some equipment, such 
as the automatic direction finder, is not used evey 
flight and has an appropriately low ratio. In contrast, 
the electrical power system is used during aircraft 
maintenance and has a higher ratio. These ratios are 
obtained by using the clocks (also called elapsed time 
indicators [ETIs]) on individual units and the aircraft 
flight time. When test aircraft do not have time 
indicators installed on the individual units it is 
necessaly to add clocks. With these ratios, it is 
straightforward to identlfy the highusage items andsee 
ifbeneficial changes are possible. 

Some currently used equipment clocks are unreliable 
mechanical chronographs that are seldom used after 
testing is complete. The use of microelectronics 
"history chips" promises increased reliability and 
greaterutility. These memory units could record usage, 
oxdoff cycles, and other measures of cumulative stress 
such as thermal cycles. Other information such as a 
failure history may prove ofvalue. 

A rapidly developing technology for fault isolation is 
the use of the so-called "expert system" from the field 
of artificial intelligence. These systems quely the user 
about the failure symptoms, apply these symptoms to 
an internal set of rules, and derive a diagnosis. 
Development of these rules is a natural flight test 
objective. 

The fault correction segment of repair time is largely 
fixed by the physical design of equipment, but changes 
to procedures, special tools, and training can decrease 
the actual repair time. Sometimes the task may be 
difficult enough to warrant design changes. A case in 
point was an air superiority fighter with a high- 
visibility canopy that was very hard to install and 
adjust. The manufacturer initiated and paid for an 
extensive re-design in the interest of improving 
producibility. In another instance, the first attempt to 
change an engine in a flight test aircraft required six 
clock hours to complete. After some minor engine 
trailerchanges, improvedtools and training, the change 
required 45 minutes. 

A unique flight test maintainability objective is 
development and demonstration of intepted combat 
turn (ICT) or "quick-tum" procedures. An ICT is the 
recovely after landing, rearminghefueling and 
re-launch ofa  combat aircraft. Careful optimization of 
personnel, procedures, and equipment placement is 
necessary to minimize time and maintain safety 
standards. 

An often overlooked maintainability objective is 
development or refinement of the maintenance plan. 
The maintenance plan defines, among other things, 
whether a specific part is repairable or discarded upon 
failure. For repairable parts the maintenance plan states 
if a part is repaired on the vehicle, sent to a local 
specialized shop, or retumed to a remote repair depot. 
Initialmaintenance plans are based onpredictedfailure 
frequencies and estimated repair times. When actual 
R&M data becomes available, the plans invariably 
require considerable revision. With 8,000 major 
replaceable units, the B-IB aircraft is an excellent 
example of the possible complexity ofthe maintenance 
planning task. 

2.4 DutyCvc le Improvement 

A high pay-back evaluation objective is to assure that 
all equipment has the lowest possible duty cycle. That 
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Table 2 
Selected Equipment Operating Versus Flight 
Time Ratio For the A-7D Fighter Aircraft 

Category I1 R&M Evaluation) 
(AFFTC-TR-70-27 A-7D 

OPERATING HOUR 
EQUIPMENT FLIGHT HOUR 

Flight Controls 

Propulsion 

Air Conditioning 

Electrical Power 

Lighting 

Llydraulics 

4utomatic Direction Findei 

?orward Looking Radar 

4ir Data Systems 

1.3 

1.3 

1.3 

2.7 

2.1 

1.4 

0.4 

1.3 

2.0 

2.5 Co-nrmance Verificath 

The R&M performance requirements should be 
included in every aircraft contract just as other 
requirements such as payload, range and weight are. 
The contract should also clearly state how achievement 
of R&M requirements is to be verified. Because R&M 
performance improves during the development phase 
it is not possible to demonstrate fully mature R&M 
characteristics during test. But it is possible to 
demonstrate that satisfactoly progress is being made 
towards achieving mature R&M values. Aircraft 
contracts should state what levels of R&M 
performance will be achieved by completion of test. 
Then, before a commitment to high-volume production 
is made, needed fixes and the associated risks should 
be assessed to insure a high probability that production 
systems will have the required R&M characteristics. 

Many current aiiciaff contracts include financial 
incentives to help insure satisfactory (or better) R&M 
performance. These incentives take the form of 
monetary awards (as muchas U S .  $50,000,000) given 
in increments at major program milestones. When a 
large increment is to be decided by flight test results, 

the measurement of contractor performance becomes a 
very visible flight test objective. 

Similarly, when the contractor must prove minimum 
R&M performance levels during test or correct 
deficiencies at his expense, the performance 
measurement objective becomes vely visible. 

2.6 Deficiencv Identification 

A major result of an R&M valuation is the 
identification of problem areas where corrective action 
must be taken before the system is produced in 
quantity. Whether the problem is reliability or 
maintainability centered, the process is similar. Once a 
problem is suspected to exist, enough evidence must be 
gathered to prove or disprove the problem. The 
evidence may be instrumentation data, film or video 
footage, or subjective information such as pilot 
descriptions. In many ways the R&M test engineer 
must build a case for the deficiency just as a lawyer 
prepares a case. The evidence must be clear and 
convincing and the seriousness of the problem must be 
apparent. Further, enough data must be available to 
allow the manufacturer to correct the problem. 

2.7 Improvements 

During fight test programs there are often 
opportunities for substantial system improvement even 
if the aircraft is not deficient in any respect. If the 
system works as designed andas agreed-to betweenthe 
contractor and customer, no deficiency exists but the 
system may not be optimal. This may occur when a 
major technology advance becomes available after 
system design but before the beginning of full-scale 
production. Sometimes contractors are reluctant to use 
new techniques or technologies if they were not the 
originators (the not-invented-here attitude). An 
obvious function of flight test is to identify such 
potential improvements. Again the evidence must be 
clear and convincing and the potential benefit must be 
apparent. Aircraft radial tires offer an excellent 
example of such improvements. While the European 
aerospace community was beginning to incorporate 
these improved-life tires, some of the American 
manufacturing community was lagging behind. 
Because of flight test involvement, American fighters 
are beginning to be equipped with radial tires. The 
relatively new maintenance-free, sealed lead-acid 
battery is another example. When a fighter 
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useful life of parts characterized by wear-out, such as 
tires and brakes can be accurately measured and spares 
requirements forecast. 

Maintenance personnel requirements are not so easily 
determined because of the large differences between 
the test environment and the actual intended use 
environment. Once the repaidservice frequencies and 
times are measured in flight test, the logistics models 
discussed earlier are used to extrapolate from the test 
environment to the end use environment. 

Test equipment utilization rates are another important 
logistics consideration that requires a translation to be 
meaningful in the operational environment. The flight 
test task is to measure the "shop visit" frequency and 
the test equipment usage time for the different parts. 
Next, a maximum acceptable work backlog must be 
decided. Because the times that failures occur are 
random, the work backlog will also be random. The 
number of spares available must be considered when 
determining the acceptable work backlog for a given 
unit. When the backlog exceeds the spares available, 
an aircraft will be grounded until a unit is repaired. 
When "visit rate," test equipment use times, and 
acceptable backlog are known it is an exercise in 
queuing theory to estimate the number of test 
equipment hours needed to support a given number of 
aircraft at a given utilization rate. 

Program unique facilities (sound suppressors, fuel cell 
repair bams, etc.,) are treated very similarly to test 
equipment. Once the "visit" frequency is measured and 
the maximum tolerable facility backlog is determined 
then the number or capacity of facilities is a queuing 
theory problem. 

2 . 1 0 a r y  

The objectives listed include: improving and 
measuring R&M performance, identifying 
deficiencies, lowering usage, and estimating logistics 
support requirements. Benefits ixlude increased 
in-commission rates, lower support costs, and more 
accurate logistics planning factors. 

3.0 DEVELOPMENT/ACOUISITION PROCESS 

3.1 Requirements Definition 

The requirements' definition process lays the 
foundation for the development of any system. The 

development program encountered problem with a 
more conventional nickel-cadmium battery, the flight 
test reliability engineers convinced the manufacturer to 
adopt the new battery and improve reliability while 
significantly lowering life cycle cost. 

2.8 Mature Svstem Capability 

Prediction or estimation of the R&M driven 
capabilities of the weapons system is a very valuable 
result of the flight test program. Specifcally, 
maximum sortie rate and aircmft tum-around time 
(time between sorties) are of interest. The problem of 
predicting mature system maximum soltie rate in an 
operational environment from flight test data are 
nontrivial. A simulation model of some complexity 
must be used to translate flight test measures such as 
repaidservice times and frequencies into operationally 
oriented measures such as sortie rate under an 
operational environment. 

In contrast, tumaround time is a fairly straightfonvard 
development and measurement process. The process 
begins withdevelopment of acomplete list of the tasks 
to be done during tumaround. An implicit assumption 
is that the aircraft does not require repair and requires 
only servicing before the next flight. When the task list 
is complete, including personnel required and 
equipment needed, the task sequence must be 
optimized for minimum overall time. Safety must be 
considered during the task-ordering process. For 
example, refueling the aircraft while simultaneously 
running an ammunition loader may not be the safest 
way to order the tasks. Models or scale dmwings are 
helpful in determining optimal support equipment 
placement. Once a planned sequence is developed, it 
(and perhaps several alternate methods) should be 
tested for suitability and the overall time recorded. 
Normally such tests result in refinement to planned 
procedures and lower times. 

2.9 Lo&ics Requirements 

Many mature system logistics requirements can be 
readily predictedfromflight test data. While flight tests 
are normally not long enough to measure the reliability 
(and the resulting spares requirements) of all 
components of the aircraft, those pats with low 
reliability canbe measured to a reasonable confidence. 
The parts with the lowest reliability are usually the high 
cost items (such as aihome radar) so a large part of the 
spares budget can be allocated from flight test data. The 
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importance of well defined and justified requirements 
cannot be over emphasized. Several studies show that 
approximately 75 percent of the system cost is fixed by 
the finalized requirement. While the requirements may 
change during the process the cost will not decrease. 
Generally, changes during the system development 
invariably increase costs as the system grows more 
complex to adopt to emerging threats or other changes 
in the anticipated mission. 

The test agencies mustbe involved inthe requirements 
definition process for several reasons. First, the 
experienced tester has a large repertoire of "lessons 
learned." Theseare bothnegative ("we'll nevertq that 
again") and positive ("that woked so good let's try it 
again next time"). This knowledge base can be 
invaluable to the requirements formulation process. 

The experienced tester can often add an important 
element of realism to the process. When the 
requirements definition is left to the eventual system 
user the inevitable result is over specification or asking 
for capabilities of marginal utility ("goldplating"). An 
excellent example was provided by a trainer aircraft 
that originally required an inertial navigation system. 
A simple calculationshowed that the life cycle cost for 
the inertial navigation system would be billions of 
dollars in total cost (approximately 20 percent of the 
total cost of ownership). 

3.2 Contractual Requirements 

Once relatively firm requirements are set, the next step 
is to translate requirements into contractual format 
such as a system specification (which states 
requirements) and a statement of work (which defines 
required processes). The test agency must participate 
in preparing the system specification to ensure that 
stated requirements can be measured during test. A 
requirement without a corresponding compliance 
assessment is merely a goal. Further, because R&M 
measures are very sensitive to the large differences 
between the test and field use scenario, R&M 
contractual requirements must be carefully written. 
These requirements must reflect the needs of the user, 
but must be measurable while the immature system is 
being tested in an often beneficial environment. There 
areanumberofsignificantdifferencesbetweenthe test 
and field use scenario. These differences include; 
differences in maintainer skill levels, immature 
technical data, and others. Some of these factors bias 
R&M results pessimistically while others make the 

system appear better than it actually is. Again, the 
experienced tester is often needed to help state 
requirements that realistically satisfy the users, but can 
still be measured during the test program. 

The statement ofwork defines processes to be followed 
and specific results to be produced during the 
contractor's development program. Ideally, these 
defined processes merely formalize good engineering 
practices and ask that the results be produced in a 
standard format. Sometimes these defined processes 
are a result of painful experiences on previous 
programs and represent a problem avoidance 
technique. Most of these processes are incorporated by 
referring to commercial and military standards rather 
than having bulky statements of work filled with 
repetitious detail. 

Flight test community involvement in statement of 
work preparation is dictated by the need for contractor 
data during the development program including the 
flight test phase. 

3.3 Design Reviews 

The design review is a widely accepted program 
management tool used by the military and commercial 
sectors during the development process. The timing, 
content, and conduct of such reviews are normally 
detailed in the statement of wok. Briefly, a design 
review is a meeting where the contractor presents the 
technical and programmatic status of the development 
effort. Before the actual meeting the contractor is often 
required to provide the customer with a considerable 
amount of technical material for detailed review. 
Again, such material content and deliveIy schedule is 
normally listed in the statement of work. The actual 
meeting then serves as a forum for the cnstomer and 
provider to agree (or disagree) on the suitability of the 
evolving design. 

The flight test engineering community should be well 
represented during the design review process. The 
information presented at reviews is essential to the 
flight test planning effort. As the design evolves, the 
flight test engineers must begin determining 
instrumentation requirements, data reduction needs 
and the flight hours required to adequately test the 
system. 

Often the flight test engineers will again serve as 
a living repository of lessons learned (and endlessly 
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standpoint, the first of these is the R&M program plan. 
The planisintendedto show howthecontractorintends 
to develop a reliable and maintainable system. With the 
current emphasis on R&M, the R&M plan is often p a t  
of the data submitted for source selection. Following 
source selection, the plan and updates are discussed at 
every design review. 

While the program plan is a management document, 
the Allocations, Assessments, and Analysis report 
(often called the Triple-A or AAA) is a basic technical 
document. This report is a straightforward result of the 
systems engineering process that allocates reliability 
and maintainability requirements from the system or 
aircraft level downward to the subsystems, and finally, 
components. Table 3 is an example of an AAA report. 

Another systems engineering result is the Failure 
Mode, Effects, and Criticality Analysis (FMECA). 
This report lists the ways that the system can fail and 
the result or impact on the system. Generally, 
requirements and common sense state that no single 
failure should result in the loss of an aircraft and the 

relearned). A current example originated with the B - 1B 
aircraft. As originally desigmd, the B-IB had many 
waming tones built into the system. These tones were 
intended to alert the crew of impending problems. 
There were so many that the crew was unable to find 
the real fault. Consequently, crew work load was 
unnecessarily increased. At a subsequent design review 
a different contractor was presented a system very 
similarto thedisorientingB- 1B warning scheme. After 
learning of existing problems, the designers were 
convinced to change from tones to a voice warning 
system. 

Often, flight test R&M engineers know what 
equipment offers the best reliability. A major weapons 
system was proposed to have a IO-year old design 
TACAN. The manufacturer was well pleased to leam 
of a new design that offered twice the reliability and 
weighed 25 pounds less. 

During the conduct of design reviews the contractor is 
normally required to present documents to illustrate 
progress in developing the aircraft. From an R&M 

Line Replaceable Unit 

CEU 

TPPS 

FINS 1: 
RCVR/EXCTR 

Table 3 
Example Allocations, Analysis, and Assessment Report 
mediate Level Maintenan 

Nomexlature 
Drawing Number 

7564358 

377-6900-100 

717135000 

717138000 

734261 

717212000 

717213000 

7564358 

2677277 

2711321 

267733 1 

2677351 

[LRU] Task Time Predict 
Failure Rate 

(per million hours) 
815.08 

248.83 

1,455.98 

215.78 

124.85 

1,328.77 

158.43 

1,781.42 

637.67 

557.30 

545.23 

749.99 

1s) 

Mean Corrective 
(minutes) 

25.68 

22.08 

27.41 

14.26 

41.36 

57.34 

145.27 

35.68 

16.75 

22.77 

10.57 

7.64 
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FMECA is the analysis tool used to demonstrate 
(during the design phase) that the requirement has been 
met. Table 4 is an example of an FMECA. 

The Association EumpeeMe Des Constructeurs De 
Material Aemepatial (AECMA) has a standardized 
method of collecting R&M predictions fmm suppliers 
at the time of request for proposal. Figure 2 is a form 
used for providing reliability predictions and Figure 3 
is an analogous form for providing maintainability 
predictions. These type of data are essential for 
updating AAA reports and FMECAs as suppliers are 
selected. 

Both the AAA and the FMECA are important 
documents to the R&M engineering p e r s o ~ e l  and 
should be thoroughly studied before design reviews. 
Statements of work must provide for the reports to be 
delivered in time for careful engineering review 
(nominally 30 days). These documents should be 
examined for completeness appropriate to the stage of 
the development program. At the first or early reviews 
the contractor cannot be expected to have dlocated 
reliability to the piece-part level nor considered all 
possible failure modes. On the other hand, once the 
design is frozen, drawings completed, and metal being 
bent, the reliability has obviously allocated by default 
if not by design. 

Both the AAA and the FMECA should be examined 
forbasic reasonableness (the so-called "sanity check"). 
If the contractor predicts far greater reliability than 
achieved for similar equipment the prediction must be 
questioned to leam what technological breakthrough 
led to the dramatic improvement. A tragic case of 
failure to properly question reliability predictions 
occurred with the U. S. Space Transpoltation System. 
The original prediction for the solid rocket boosters 
was one catastrophe failure in 10,000 uses. After the 
Challengerdisaster, a historical review showedthepast 
failure rate was 1 in 30 for large solid rockets. 

During the actual flight test program the AAA and 
FMECA are necessary documents. As the reliability of 
individual components is measured, the results should 
be compared to contractor predictions to isolate those 
components in need of fixes and further development. 

Another document that must evolve during the 
development process is the Logistics Support 
Analysis(LSA). As shown in the example in Table 5,  
the LSA lists, in exhaustive detail, the necessary 

information to support the weapons system. The 
extensive subject of logistics support can only be 
briefly discussed here. Even so, the flight test engineer 
must have an understanding of the contents and value 
of the LSA report. This report should evolve as the 
system is designed and should be the tool used to make 
the engineering tradeoffs necessary to develop an 
optimal system including the logistics "tail." 

Flight test engineers must stay current on the evolving 
LSA to ensure that system- peculiar logistics features 
such as support equipment and facilities are available 
and tested concurrently with the air vehicle. Further, 
the LSA is the source of repair level information and 
plans. Repair level refers to what echelon of 
maintenance (on- aircraft, shop or depot) is the optimal 
level to repair failed piuts. This planning is also called 
the maintenance concept. Much of this information is 
based on the contractor's estimates of reliability and 
maintainability, and as such, is subject to change when 
actual R&M performance data becomes available 
during the test program. As discussed previously, this 
refining or "fine tuning" is a majorbenefit from the test 
program. 

A classic example of changing maintenance plans is 
from the E-3A Sentry program. During early 
deployment an expensive (U.S. $31,000) unit failed 
because of poor quality of a single small part. The unit 
was an electrical power filter and had no active parts. 
With only passive pans such as inductors and 
capacitors, the contractor predicted an essentially zero 
failure rate. With such a low failure rate, it is not 
economical to plan for or purchase the equipment 
needed to repair the filter. Because of the high cost, the 
125-pound weight and the 200 man-hour replacement 
time, the failed filter was not discarded but saved as a 
curiosity item. Within the next month, six more filters 
failed. With U.S. $217,000 of throwaway parts, it was 
obviously time to change the maintenance concept. 

During the different design reviews, the contractor 
should present data showing the environment predicted 
for the system components. As seen from Figure 1 the 
thermal and vibration factors hold the most interest for 
R&M engineers. Reliability predictions in the AAA 
report should be based on these predicted 
environments. When system components are essential 
for flight safety or mission performance, it is wise to 
instrument the system to verify that the actual 
temperature and vibration do not sigruficantly exceed 
predictions. When the actual environment is different 
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Table 5 
Logistics Support Analysis 

(U.S.A. Military Standard 1388-1A12A) 

Operations & Maintenance Requirements 
- 1dentification.of hardware, source, and 

quantity required 
- Frequency and duration of use 

Allocation ot prcvcntivr and corrective 
maintcnnnce nccds betu rcn organwational, 
intermediate and dcpt  levels 

- Availability requirements 

Item Reliability and Maintainability Characteristics 
- Identification, source, and quantity required 
- Availability requirements 
- Maintainability considerations 
- Function of item 
- Majntenance concqts and qualitative 

mamtainability requirements 

Failure Mode and Effects Analyses 
- Failure modes and resulting effects 
- Damage mode and resulting effects 
- Survivability and vulnerability analysis 

Criticality and Maintainability Analyses 
- Criticality analysis 
- Maintainability analysis 
- High risk item identification 

Operation and Maintenance Task Summary 
- Identification, source, and quantity required 

Maintenance task, level, time required, 
manning skills, support equipment needed 

Operation and Maintenance Task Analysis 
- Identification, source, and quantity required 
- Task Identification and description, time 

required, skills 
- Comodspecial tools, parts, and material 

required for task 

Personnel and support requirements 

Support Equipment & Training Material Description 
- Identification, source and quantity required 
- Size, weight, storage volume, and costs 
- Functions to be performed 
- Characteristics and installation factors 
- Justification for new material/skill 

requirements 

Unit Tested/Automatic Test ProgradTraining 
Material Description 

- Test program set elements 
- Hardware and software required for testing 

Facility Description 
- Identification and description of new facility 
- Functions and tasks to be performed 
- Requirements, design criteria .lead times, 

constmction, and requued utilities 
- Facility utilization rate and cost justification 

Skill Evaluation and Justification 
- Identification, source, and quantity required 
- Skill specialty codes 
- Functions to be performed 
- Additional skill and training requirements 
- Selection criteria (physical, mental and 

educational) 

Support Items Identification 
- Sparepartsdata 
- Provision screening data 
- Packaging data 

Transportability Engineering 
- Identification of transportability requirements 

- Training requirrmcnrs, personnel, support 
equipment, and supply support requirsmcnts 
per t a k  
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feeling for potential trouble areas. An excellent 
example comes from the ground-launched cruise 
missile. During the design review process, it became 
obvious that the gas tuhine driven electrical generators 
used to power the control complex and launcher were 
going to be a reliability problem. As a result, work- 
around methods and improvements were developed 
before the beginning of test. 

Trained R&M engineering personnel are essential to a 
flight test R&M evaluation. The engineers should have 
a strong background in aircraft and aircraft systems in 
addition to training and experience in the principles and 
practice of R&M. Perhaps the ideal R&M engineers are 
those individuals that have an in-depth expertise in one 
discipline and good working knowledge of many 
others involved in aircraft engineering. The number of 
engineering personnel needed is a direct functionofthe 
complexity of the system being tested. For small 
systems, such as a primary trainer with minimal 
avionics, one engineer should snffice. Complex 
aircraft, such as a bomber or large cargo carrier might 
require as many as five engineers. Table 6 lists the 
duties performed by these engineers 

Table 6 
Flight Test R&M Eneineer Duties 

from the expected, the predicted reliability must be 
recalculated and changes made. 

3.4 Flieht Readiness Reviews 

In the near term, before the aircraft's first flight, it is 
normal practice to hold a series of meetings to assure 
that the vehicle is ready for flight. The contractor 
presents the results from the laboratory and 
qualification testing on subsystems and components. 
This information is the first real reliability data and 
often the first sign of impending problems. The flight 
test community should be well aware of any problems 
encountered and the potential impact on safety of 
flight. Further, all flight essential equipment must be 
tested in some manner and to the largest extent 
possible. Any failures of flight essential equipment 
must be corrected or have acceptable work-around 
procedures established. Mockups, "iron birds," and 
environmental test chambers are some of the tools used 
to increase confidence in flight readiness. 

While reliability data from test chambers and fixtures 
may not represent the aircraft, it is still very useful. All 
failure modes experienced in flight critical equipment 
must be analyzed and a conscious decision made as to 
the necessity of a fiw. 

4.1 General 

"Well begun is half done." This is never more true than 
with the test planning process. Initially, test planning 

'will be wcessarily general in nature and continuously 
refined as the aircraft approaches first flight. Planning 
must begin early in the development cycle to ensure 
that all needed resources are available at the beginning 
of flight test. Resources needed include personnel, test 
assets, maintenance, operations, and instrumentation 
data, and data reduction tools. 

4.2 Personnel 

Appropriate numbers of correctly trained people from 
several backgrounds are required to conduct a flight 
test R&M evaluation Obtaining and training people is 
a long-lead time process and must begin early in the 
development cycle. Ideally, these individuals should 
have participated in the design review process prior to 
actual flight test. Such participation will provide 
detailed knowledge of the aircraft to be tested and some 

. 
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Participate in preparation of requirements 
documentation. 
Participate in design and technical reviews. 
Prepare test plans and test information sheet 
Determine instrumentation requirements. 
Implement R&M data collection system for 
flight test. 
Classify test R&M data as to criticality, etc. 
Obtain failure analysis from contractors and 
vendors. 
Analyze R&M data to identlfy high-failure 
rates and high manhonrs consumers. 
Monitor throwaway parts to identlfy 
deficiencies with low cost items. 
Observe maintenance to identify deficiencie 
in fault isolation, component replacement, 
repair verification, and suppolt equipment. 
Verify effectiveness of implemented design 
changes. 
Write deficiency reports. 
Write intermediate and final technical 
reports. 
Write lessons learned documentation. 
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Staffing a test program with maintenance personnel 
poses a dilemma. From one viewpoint it is desirable to 
have senior maintenance personnel available to gain 
from thcir experience with other aircraft and to have 
these personnel judge the snitability of maintenance 
issucs. In contrast, it is necessary to determine how well 
thc aircraft can be repaired and serviced by the average 
maintainer. An acceptable compromise is to have 
junior pcople do the actual work while the senior 
people observe and judge. In t h ~ s  manner, the 
expcrienced people can note the mistakes, trials and 
tribulations of the average maintainer, and develop 
improvements when needed. This requires that 
maintenance personnel be assigned on a selective basis 
and that experienced people be made available on a 
continuous basis even though they are not maintaining, 
but rather testing the system. The actual number of 
maintenance personnel needed varics greatly with the 
complexity of the system. As a minimum, each 
technical specialty (such as engine mechanics and 
avionic technicians) should be represented by at least 
one experienced individual. 

Experienced flight crew personnel are also needed 
during an R&M evaluation. When an inflight anomaly 
occurs, they must accurately report the problemandthe 
situationofthe aircraft when it occurred. The complete 
observance and accurate reporting is essential to 
finding and correcting problems. In many ways the 
ability to observe and report differentiates the test pilot 
from the operational or line pilot. The flight crew must 
also assist in determining if the anomaly bad any 
implications for flight safety and if the problem 
prevented completion of the aircraft mission. T h s  
requires that the aircrew have operational experience 
with the intended mission of the system. It also requires 
that the aircrew have a detailed knowledge of the new 
aircraft and the development effort. The best way to 
gain such knowledge is participationindesignreviews. 

An often neglected yet important system facet is depot 
maintainability. Whle it is not possible to take a test 
aircraft to a repair dcpot during flight test, it is possible 
to bring expericnced dcpot personnel to the test site. 
Because the depot has a wide variety of technical 
specialties it is usually most cost effective to have 
different specialists participate in flight test on a 
tcmporay basis. They should be temporarily assigned 
to the test program long enough to evaluate their area 
of expertise in some depth. A good example occurred 
during the prototype testing of a tactical transport. The 
depot maintenance landing gear expert noted that the 

type and process used for plating the main gear strut 
was very difficult to remove when replating was 
required. A more suitable plating was no more costly 
and the change was made. 

One final personnel consideration is assignment 
stability. It is essential to keep the same people 
throughout the acquisition process. It does little good 
to have test personnel participate in the early part of the 
process, such as design reviews, and then change jobs 
prior to the first flight. This is a particularly acute 
problem inmany mi l i t q  organizations where periodic 
reassignment is standard procedure. Every effort must 
be made to maximize personnel continuity. This often 
requires the liberal use of civilian personnel in key 
positions when military personnel assignment stability 
cannot be assured. 

4.3 Test Asset Requirement 

The single most important test program cost driver is 
the numberofflight test hours. Thenthe singlequestion 
becomes: "How many flight hours are required to 
accomplish an effective R&M evaluation?". The 
answer to that question varies in direct proportion to 
the complexity of the aircraft being tested. A simple 
aircraft such as the U. S. Air Force T-46 can be well 
characterized, and a majority of the R&M problems 
identified in about 700 flight hours. In contrast, a large 
aircraft withcomplexavionics, suchas theB-1 bomber, 
may require several thousand flight hours to test. In 
either case, it is not cost effective to test the aircraft long 
enough to accurately measure the reliability of every 
part. Indeed, even avionic components with a 
2,000-hour meantime between failure (MTBF) cannot 
be measured with any statistical significance. But, an 
avionic system, such as a 100- hour MTBF radar can 
be measured. Eveninthe case ofthe 2,000-hourMTBF 
component, t k  initial reliability will be much lower 
(200 to 400 hours typically). The flight test program 
can measure the lower numbers and identify some of 
the corrections needed to achieve the desired 
2,000-hour MTBF. Considering the large differences 
between predicted reliability and that eventually 
acheved, the test program seldom affirms reliability, 
but rather often denies reliability. That is to say, test 
results usually show a much lower reliability than was 
predicted. 

Normally, M) flight test time is dedicated to RBM 
evaluations. Instead, the test program is stmctured 
around the flights required to test the vehicle and 



17 

environment in some ground test rig to gainthe needed 
reliability data. 

While little or no flight time dedicated to R&M 
evaluations, much ground time is required for 
maintainability demonstrations and logistics 
evaluations. Although much maintainability 
information canbe obtained from normal maintenance, 
most flight test programs do not last long enough for 
all (or even a significant sample) of maintenance tasks 
to arise. For this reason a block of ground time should 
be set aside to demonstrate those interesting tasks that 
have not naturally occurred during the test program. 
The tasks of the most interest are the long duration, 
complex efforts. These maintenance tasks might use 
unique support or test equipment that needed to be 
tested for functional adequacy. This dedicated block of 
ground time vanes in duration as a function of the 
aircraft complexity. A simple primary trainer such as 
the T-46 should not require more than several weeks 
while a vehicle as complex as the B-1A bomber might 
require months. 

4.4 R&M Data Requirements 

The three principal R&M data sources are flight crew 
debriefings, maintenance records and aircraft special 
instrumentation. Flight crew debriefing provides a 
measure of usage (flight time) and a record of 
pilot-noted problems. Maintenance records repolt all 
resources needed to maintain the vehicle in 
mission-capable condition The aircraft special 
instrumentation records assorted measures for 
postflight analysis. These three data sources and the 
required data reduction are discussed separately. 

4.5 Flight Crew Debriefing 

The most readily obtainable stress data are aircrew 
debriefing information. Because of the relative ease of 
use, many test programs rely solely on this data as 
stress measurement. Figure 4 shows an aircraft 
debriefing record used forthe F-I11 test program. The 
first line of the form is for identification information 
such as: date, time, and mission number. The second 
line of the form is for time of stress data such as flight 
duration and time inafterbumer. Also included are data 
about cyclic stresses suchas wing sweeps and landings. 
The grided area and corresponding table record, in a 
mdimentary fashion, the dynamic pressure induced 
stresses seen by the airframe. Other cyclic uses of 
daerent equipments should also be recorded. It should 

subsystem performance characteristics. Table 7 shows 
the number of flight test hours for several aimaft. 
The& as a result of stressing the vehicle during test, 
much failure and repair data are available. There are 
several considerations that can " i i z e  the resulting 
R&M data. First, all installed subsystems should be 
operated every flight regardless if it is needed for any 
giventest. This will maximize the operating experience 
on the subsystems. To fix ideas, consider aircraft cruise 
performance testing. Much flight time is needed to 
gather fuel consumption data throughout the 
airspeedaltitude envelope. During that time, very little 
of the aircraft avionic suite is essential to that testing. 
However, the full avionic suite should be opemted 
throughout performance testing to increase resulting 
R&M data. This operation must include turning the 
subsystems on and periodically testing those 
equipment during the mission This may be done by 
including the appropriate directions in the flight crew 
checklists and flight cards. 

Table 7 
Flight Hours for I N  

Aircraft 
A-7D 

A-1OA 

C-5A 

C-141A 

F-4E 

F-5A 

F-15A 

F-16A 

F-16C 

1 R&M Evaluation 

Hours 
900 

1,325 

2,500 

700 

845 

2,900 

1,950 

1,345 

Missile testing offers a similaropporhmity to increase 
the R&M experience base. For every test mission, the 
camer aircraft should be loaded with a full complement 
of missiles, not just the one missile needed for that 
day's test. In this fashion, the available R&M database 
can be increased substantially. This requires advanced 
planning in order that a sufficient quantity of missiles 
is available to the test effort. This advanced planning 
and the cost of early missile delivery is often much 
cheaper than attempting to duplicate the flight 
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exact procedures used can be studied for possible 
optimization to limit resource consumption ami out of 
service time. When no further optimization is possible, 
data collection for scheduled maintenance can be 
discontinued. 

Unscheduled maintenance is that maintenaxe required 
to restore the aircraft to operating condition after an 
anomaly. Data onunscheduled maintenance are needed 
to again measure resource requirements, to determine 
aircraft nonavailability and also to determine the exact 
causeoftheanomaly. Inadditiontotheonaircraft work 
do=, these data must include the "off-aircraft" work. 
That is, all work necessaly to isolate the exact cause of 
the anomaly and restore normal operation must be 
included. During test programs the acquiring service 
often does not have the capability to repair the new 
equipment and failed equipment must be retumed to 
the prime contractor. Then the prime contractor may 
r e m  the failed item to a vendor or even lower tier 
supplier. Considerable planning is needed to insure 
thac regardless of the complex repair path, the needed 
information is available to the flight test engineers. 

History shows that the best way to insure that the 
needed data are available is to specify the requirement 
in the original contract and state that the requirement is 
to be levied on all vendors and lower tier suppliers. 
Some experienced contractors routinely require 
vendors and lower tier suppliers to provide repair data 
and failure analysis. Those contractors regard this 
process as simply good commercial practice. This is 
not always the case. The recent B-1B flight test 
program was initially plagued with continuing 
nuisance hydraulic leaks from a type of coupling used 
throughout the aircraft. Many months and much 
hydraulic fluid passed while a series of discussions was 
required to convince the contractor to take any action. 
Eventually the contractor retumed several leaking 
couplings to the coupling supplier. Within days the 
supplier responded by acknowledging responsibility 
fortheproblemandstatingwhatactionthey wouldtake 
to correct the defects. Much maintenance time and 
valuable flight test time could have been saved if the 
prime contractor had an establishedprocedure to retum 
failed palts, eventhose considered nomepairable, to the 
original supplier. 

A classic case involved a magnetic tape cartridge used 
to transfer mission data to the aircraft. During 
laboratoly and flight test over 100 of the tape c a ~ d g e s  
failed and the prime contractor did not return any of the 

benotedsomeoftbat cyclicdatamay sufferinaccuracy 
by depending on aircrew recording or memory. Speed 
brake cycles is a good example. No pilot can be 
expected to accurately count speed brake usage during 
simulated air combat maneuvers. In cases where 
accuracy is impoltant, inshumentation should be used 
to record cyclic use. 

In addition to usage, the aircrew should also note any 
anomalies that occur and when they occurred in the 
flight. This information must be complete enough to 
allow maintenance to diagnose the problem and to 
allow R&M engineers a full understanding of the 
possible failure. The aircrew must also record any 
anomalies reported by the aircraft built-in-test system 
and note whether any related symptom was observed. 
Newer automated recovery systems provide health 
diagnostics information for postflight analysis. It is 
still a good idea to debrief the aircrew to identify what 
anomalies were observed and during which portions of 
the flight envelope. 

As the program progresses through the design review 
phases, the R&M test engineers should continuously 
refine their requirements and plans for flightcrew data. 
Aircrew debriefing forms should be developed jointly 
by aircrew and engineers. 

Debriefing data from aircrews is the simplest 
information to convert to usable form. These data are 
normally a single sheet or two per attempted soltie. The 
easiest way to aggregate and summarize these data are 
with the use of desk top computers and a commercial 
database management system. The most commonly 
used data summary lists the accumulated stress (flight 
hours or cycles) per unit time (often months). 

4.6 Maintenance Data 

A considerable amount of information is required from 
the maintenance personnel. Aircraft maintenance can 
be considered in two broad general categories; 
scheduled and unscheduled. Scheduled m a i n t e m e  is 
those maintenance efforts whose need can be foreseen 
and accomplished in a planned manner, Aircraft 
servicing andinspections comprisethebulkofthistype 
maintenance. Data on scheduled maintenance are 
needed to measure the resource requirements for such 
efforts and to determine the time the aircraft is not 
available for "revenue service" because of the need for 
such maintenance. Such scheduled activities should be 
accuiately measured early in the test program. The 
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cartridges to the supplier. The supplier only found out 
about the problemwhenthey questionedwhy theprime 
contractor was ordering so many replacement tape 
cartridges. Again, once the supplier became aware of 
the problem the defect was fixed in a matter of days. 

The information needed about aircraft maintenance 
varies somewhat with the individual program, but 
generally the same basic information is needed. 
Appendix A lists the individual data elements and 
discusses the use of such information. 

Historically, this data are difficult to obtain from 
contractors after a development contract has been 
signed. The requirement for suchdatamust be included 
in the basic contract if the contractor is to perform 
maintenance during the flight test program. This 
requirement was inadvertently omitted from the B-1B 
development contract and the auframe contractor 
submitted aU.S. 3.2-million dollar proposal to provide 
the data. Better planning would have prevented that 
problem. 

4.7 Maintenance Data Processing 

The reduction of maintenance data is a much more 
challenging taskbecause ofthe greater relativevolume, 
more sophisticated database creation and complex data 
analysis requirements. The volume of maintenance 
data is such that desktop computers are suitable for the 
small test programs only. For example, the F-111 
Digital Flight Controls System test program was 
conducted using a desk top computer to store and 
analyze maintenance data. However, data collection 
was limited to three line replaceable units 
(LRUs-commonly called "black boxes"). Further, the 
test program was only 600 flight hours duration. 

Because desk top computers are unsuitable, a large 
"mainframe" computer is needed to store and process 
the maintenance data for large test programs. The C-5A 
maintenance database was 200 million bits of 
information at the end of the test program. This also 
requires fairly complex software to maintam and 
analyze this amount of data. 

The software needed to create and maintain a 
maintenance database varies depending on the 
information and format of the raw data, but certain 
general requirements exist. For example, as part of the 
database maintenance process, the times that aircraft 
maintenance started and stopped must be converted 

into man-hours, active hours and elapsed hours. All 
individual maintenance actions (such as 
troubleshooting, actual repair and cleanup) must be 
linked together into a single maintenance event. 
Further, all levels of repair (on-aircraft, off-aircraft and 
depot) must be linked together. This complex linkage 
is needed because the various actions within a single 
maintenance event often occur at different times and 
different places. When all the smaller actions are 
properly linked, the total repair cost, both time and 
material, are visible. When properly done, the data base 
should provide an audit trail that begins with a 
description of the aircraft problem and concludes with 
action taken to prevent recurrence of that problem. 
Table 8 is a much simplified example of this. The 
linkage process is the most difficult part of R&M data 
processing. 

Maintenance data analysis computer reports vary from 
the trivial to the almost unusably esoteric. Generally, 
the value of these reports is inversely proportional to 
the complexity. A most usable report, simply lists the 
most frequently occurring failures in descending order 
of frequency. A repolt of similar type for the highest 
maintenance man-hour consumes is also of utility. 
Table 9 summarizes othercomputeranalysis reports of 
varying utility. 

4.8 Failure Analvsis 

Anotherwipeof informationthatmustbe obtainedfrom 
the contractor is the detailed analysis describing the 
root cause of failure (sometimes called physics of 
failure). This type of analysis is essential. Both 
contractor and customer should plan to perform such 
analysis for every failure that occurs during the flight 
test program. This includes failures of nonrepairable 
pieces. Without knowledge ofthe causes of failure it is 
impossible to prevent reoccurrence. Again, this 
information is costly to obtain after the contract is 
awarded and must be included in the earliest contracts. 
The prime contractor must be required to levy this 
requirement on all vendors and lower tier suppliers. 

4.9 Instrumentation Data 

For avionics, temperature and vibration are normally 
considered the primary causes of failure with changing 
levels of thermal and vibratory stress causing different 
failure rates. Table 10 shows the MTBF for the U.S. 
Air Force standard TACAN (AN/ARN-1 18) in several 
different aircraft. The greater than one order of 



Table 8 
Maintenance Action Audit Report 

AIRCRAFT: F-15E SERIAL: 9100015 FLIGHT HOURS: 348 

WORK UNIT CODE: 74JAO REPORT# 006501 DATACODE: 3 

WHEN DISCOVERED: INFLIGHT HOW MALFUNCTIONED: INTERMITTENT 

PROGRAM DESCRIPTION VSD (VERTICAL SITUATION DISPLAY GOES BLANK WITH 
AIRCRAFT VIBRATION SUCH AS SPEED BRAKES OR FLAPS. RSETS OK AFTER BEING OFF 
SEVERAL SECONDS. 

FLIGHT LINE MAINTENANCE TROUBLESHOOT VSD SYSTEM. REMOVEREPLACE VSD. 
SYSTEM OPS CHECKS GOOD. 

FAILED ITEM: VSD 
INSTALLED ITEM: VSD 

SERIAL#: 00041611 ETIMETER: 0095 
SERIAL#: 00001233 ETIMETER: 0085 

SHOP MAINTENANCE: REMOVEBEPLACE X DEFLECTION AMPLIFIER (2A3). VSD OPS 
CHECK GOOD. AMPLIFIER NOT REPAIRABLE THIS STATION. RETURN TO VENDOR FOR FIX, 
FAILURE ANALYSIS AND CORRECTIVE ACTION. 

FAILED ITEM: 2A3 
INSTALLED ITEM: 2A3 

SERIAL#: 00208004 ETIMETER: 0095 
SERIAL#: 00208018 ETIMETER: 0028 

VENDOR ANALYSIS: DISCREPANCY CAUSED BY POOR SOLDERING. SOLDER REFLOWED 
AND UNIT CHECKS GOOD. INVESTIGATION REVEALED THAT SOLDERING WAS DONE BY AN 
ENGINEER VICE SOLDERING TECHNICIAN. VENDOR STATED SERIAL NO. 4 WAS ONLY UNIT 
HARMED. ALSO PROMISED ENGINEER WOULD NOT REPEAT ACTION AND THAT NEW QA 
PROCESS WOULD DETECT ANY SOLDERING PROBLEMS. USAF INSPECTION OF ALL 
DELNERED UNITS FOUND NO OTHER PROBLEMS. ACTION CLOSED. 
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REPORT CONTENTS AND USAGE 

Maintenance Event Audit Report Lists all actions necessary to repair the system and eliminate the defect. Used to trace process 
from aircraft repair to depot or vendor and ensure needed changes are accomplished. 

Lists in rank order the most frequently failing items. Used to ensure that weak parts receive 
corrections. 

Lists in rank order the parts that consume the most labor hours. Used to fmd areas for potential 
maintainability improvements. 

Calculates MMH/FH by subsystem and system. Used for'contractual requirements verification 
and manning needs predictions. 

Calculates meantime to repair (MTTR) at component, subsystem and system level. Used to verify 
achievement of contractual requirements and input to availability models. 

Calculates meantime between failure (MTBF) for component, subsystem and system. Used to 
verify achievement of contractual requirements and as input to spares. requirements models. 

Top Failing Items 

Top Maintenance Hours Users 

Maintenance Manhour per Flying Hour 

Active Manhours Summary 

Component Discrepancy 

Reliability Growth 
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vibration. Engine and accessory power unit mounted 
equipment may produce considerable energy. 

One lesson endlessly relearned is the need to 
thoroughly understand the vibration environment of 
externally mounted equipment. While external pods 
often seem like a good way to enhance capability and 
adapt aircraft for special missions, the vibration 
encountered can be quite severe. Other 
nonaerodynamic additions to a basic aircraft also 
induce similar problem. 

Predicting vibration levels of such extemally carried 
equipment remains a very inexact science. The ody 
current solution is construction and test of a structurally 
representative article very early in the development 
cycle. These test articles must be aerodynamically and 
structurally similar to the planned equipment. These 
test "shapes" must have enough instrumentation to 
completely characterize the vibration environment at 
the worst case flight conditions. Most importantly, 
these "shapes" must be tested on all potential carrier 
aircraft. In case after case, missiles and external pods 
are designed for one aircraft and adopted to others. It 
is somewhat ironic that the more successful a new 
missile or pod, the more likely the user will want to use 
it on other, perhaps unsuitable, aircraft. The resulting 
vibration data must be available to the designers to 
ensure it is suitable for the actual environment. These 
structural test articles can also be used to gain other 
needed data such as incremental drag, changed 
handling qualities and flutter characteristics. The 
resulting vibration data must be available to the 
designers to determine if the missile or pod is suitable 
for the intended operational environment. 

In all cases, optimal selection of instrumentation 
requires considerable engineering judgment. It is 
relatively easy to select instrumentation after thermal 
or vibration problems arise; the difficulty comes in 
predicting instrumentation needs during the aircraft 
design phase. As the program progresses through the 
development process, the R&M engineers, along with 
thermal and vibration specialists, should continuously 
ref ie  their instrumentation requirements. 

4.10 Instrumentation Data Processing 

Complex tools are also needed to reduce special 
instrumentation data to usable form. Engineers from 
many different disciplines normally share these tools. 
This means that R&M engineers have help on the 

F-l6C/D 

A-1K 

Table 10 
TACAN (AN-"-188) Reliability by Aircraft 

(Data from the U.S. Air Force Logistics Command 
Databases ofthe 1984 to 86 Time Period and Sample 

Revalidated for the 1989 to 90 Time Period) 
Meantime Between Failure 

Aircraft 

FB-111A 410 

3,296 

592 

A-1OA 

F-1llE 

F-15C 

114 

818 

685 

magnitude difference between the F 4 G  and F-16D 
aircraft clearly shows the importance of the 
environment in determining equipment reliability. 

Because ofthe high cost of instrumentation, R&M test 
engineers seldom, if ever, get all of the m e a s m d s  that 
they want. The problem then becomes an allocation 
process. With a limited capability to instrument the test 
aircraft, where should instrumentation transducers be 
placed to maximize the value of the information? The 
problem becomes more acute when instrumentation is 
to be installed during initial aircraft construction. This 
means that the instmentation must be specified in 
parallel with the aircraft design effort. The obvious rule 
ofthumb is toinstrumentthemostcriticalfromasafety 
of flight standpoint and from a cost viewpoint Less 
obvious perhaps is the approach of instrumenting the 
system to verify the design predictions. Many aircraft 
temperature predictions are made based on results ofa  
large computer model of the system. Instrumentation 
should be designed to verify and perhaps improve the 
model. 

Vibration sensing instrumentation is more difficult to 
plan The only guidelines are to consider all vibration 
inducing sources and place sensors around those 
producing sufficient energy to be potentially 
troublesome. Aircraft mounted guns are always agood 
candidate forvibration sensors because of thevery high 
energy generated. Equipment mounted close to such 
energy sources should be closely monitored for 
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planning process. But, the R&M engineering interests 
are different thanotherdisciplines andtheFCkMpeople 
must be fully involved in the planning process to make 
certain that their unique requirements are addressed. In 
the recent past large mainframe computers where used 
almost exclusively. The current trend, however, is 
towards smaller machines such as engineering 
workstationsfor at least part ofthe task. Muchhas been 
written, in AGARD volumes and elsewhere, on the 
process of converting raw instrumentation data into 
engineering units. This treatise will rely on that 
previous work. Once the instrumentation data are 
available inengineeringunitsforq theflighttestR&M 
engineer must select and present the appmpriate 
environmental data in a suitable form. The two most 
important aspects of environmental data are thermal 
and vibration and will be discussed separately. 

Planning must ensure that data reduction tools have the 
capability to present information in the formats needed 
by R&M engineers. Most thermal data have the 
advantage of requiring a low sample rate because of the 
slow rates of temperature change of any object with 
noticeable m a s  (and resultant high thermal inertia). 
The problem in dealing with thermal data from aircraft 
is that a given temperature may be a function of many 
variable such as airspeed, altitude, ambient air 
temperature and throttle setting. As with aircraft 
performance parameters, thermal data must be 
corrected to "standard day conditions" where possible. 
If correction is not possible (usually because of the lack 
of a thermal model), the data must be presented with 
all conditions and caveats noted. 

When the aircraft bas a specific design mission it is 
possible to show the temperatures throughout the 
mission. Ths technique is useful if a reliability 
problem is thought to be temperature induced. Another 
useful tool is the temperature mapping technique. Here, 
the specific temperature is mapped throughout the 
aircraft envelope. A considerable amount of data, 
usually from many flights, is required but the results 
are eloquent and portray much information in a 
compact form. Here, different characters are used to 
show dfferent temperature ranges. The engineer must 
carehlly select the temperature ranges to be shown. 
For example, below critical temperatures, a single 
character might represent a wide range of values. That 
is, one symbol could be used to indicate that the 
measured temperature is in a region of indifference or, 
at least, in a satisfactory state. Above satisfactoy 
temperatures, different symbols should be selected to 

show severity of problems. Normally this means using 
increments of 10 degrees Celsius. If color media is 
available, the problem with displaying discrete 
increments vanishes. 

Both of these presentation techniques are suitable for 
use on an engineering work station when the data are 
available in engineering units. Because of the cost, in 
both instlumentation andengineeringman-hours, tkse 
techniques are generally limited to suspectedproblems, 
high cost items and safety of flight issues. 

Vibration data requires a very high sample rate and is 
correspondingly more difficult to reduce. Again, 
engineering workstations are being used once the raw 
data are converted to engineering units. As with 
temperature, vibration levels change with a number of 
variables. Generally, it is important to know the peak, 
or worst case vibration level and a measure of the 
average level. A common data presentation scheme is 
to plot peak acceleration as a function of frequency. 
Figure 5 is an example. A second technique is called a 
power spectral density (PSD) plot. Here, the 
acceleration squared dwided by the frequency is 
plotted as the abscissa while the frequency is plotted as 
the ordinate. Because vibration is often related to the 
dynamic pressure on the aircraft, a third method plots 
acceleration versus dynamic pressure. The example 
shown in Figure 6 uses the common English units 
(pounds per square foot). This pahx la r  method has 
the advantage of eliminating several variables but 
requires more data reduction effort. 

As with thermal data, the associated costs often 
prohibit analysis of vibration data except for suspected 
problem, high cost components and safety of flight 
issues. 

4.11 Safety 

Safetymustbeaprimaryconsiderationforallflighttest 
activity. Although R&M evaluations are not the most 
hazardous tests conducted, safety is still very worthy 
of concem. Quoting in paxt from AGARDograph 
AG-300-Vol. 8: "The secret to accident prevention is 
anticipating personnel mistakes, equipment 
malfunctions and environmental aberrations which 
change hazards --to accidents." Like R&M, safety is a 
designed-in characteristic. Failure to design-in safety 
leads to the need for procedures and equipment to 
assure safety. Climatic extremes exaggerate hazards. 
Again quoting from AG -300-Vol. 8: "Working around 
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as well as operating a flight vehicle in extreme climatic 
conditions compounds hazards and demands constant 
attention to safety. Like flight itself, extreme or adverse 
environmental conditions are unforgiving of the 
ill-prepared, the complacent and the uninformed." 

A relatively common R&M test that requires particular 
attenlion to safety is the quick-tum demonstration (also 
called a hot turn). This demonstratioq and the 
development leading to it, is intended to measure the 
minimum time between recovery from one sortie and 
launchfor thenext sortie. Forfighteraircraft thrsmeans 
simultaneous refueling and weapons reload. For these 
type dcmonstrations, safety considerations are 
essential. Before the total demonstration is attempted, 
each subpart should be completed many times. Once 
each subtask is optimizd for time and safety, then the 
total effort should be walked through and carefully 
studied. In thc interest of safety, most of the subtasks 
should be simulated during these walk through. For 
example, a fuel truck should be positioned as planned 
for the real quick turn The refueling hose should be 
correctly placed and connected and disconnected at the 
appropriate points in the walk through, but fuel should 
not be transferred until enough walk through have 
been performed to assurc that safety is not 
compromised. 

Quick turns and other R&M tests or demonstrations 
with a potential safety impact should always be 
accomplishcd in this "build- up" manner. This means 
that sufficient schedule time must be included in the 
test program to allow these tests. 

A useful practice before a potentially hazardous test is 
a peer review. The individuals planning the test should 
present their plans to a peer group not immediately 
associated with the test at hand. Then planners should 
discuss any hazards that have been identified and the 
procedures designed to minimize such hazards. The 
rcviewers should search for unforeseen problem and 
consider the efficacy of the proposed procedures to 
minimize hazards. Further, the planners should present 
the "built-up" approach while the reviewers ensure that 
the approach is logical. The results of these reviews 
should be fully documented and no significant 
deviations allowed without further review. 

4.12 Joint Reliabilitv and Maintainability 
Evaluation Teams (JRMET) 

A final planning effort should include establishment of 
agroup to participate inclassificationofR&Mdataand 
review of results. The basic nature of R&M data drives 
the need for such a group. 

In many respects, R&M data are more subjective than 
data from other engineering disciplines. Often, it is not 
clear that an anomaly is an inherent defect or was 
somehow induced. Similarly, there is often 
disagreement as to the criticality of failures. Further, 
contracts often contain definitions of failure that are 
significantly diffcrent than those normally used by the 
operating command. 

The U S .  Air Force A-10 development contract defined 
a failure as a loss of mission critical function that 
occurred after the end of the preflight inspection and 
before the start of the posfflight inspection. That very 
artificial definition excluded all noncritical failures and 
many failures not discovered in flight. The user's 
definition of failure included all maintenance actions 
needed to correct inherent defects. Both definitions 
were used to develop a MTBF. As a result, the weapons 
system advocates reported a MTBF over ten times 
higher than the more independent testers. This large 
discrepancy surfaced at an important program review 
and the chairing flag rank officers were notably 
displeased. 

Adding more confusion is the often large difference 
between the flight test environment and the eventual 
usage environment. Considerable engineering 
judgment is needed to translate flight test results to 
expected fleet results. 

Establishing a team is a way to obtain consensus and 
increase understanding of the somewhat subjective 
results. If agreement cannot be reached on all issues, at 
least points of disagreement can be isolated and 
order-of-magnitude disparities eliminated. 

Acceptance of R&M results is maximized if all 
program participating agencies are represented on the 
JRMET (sometimes called a scoring conference). This 
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to the baseline design If the manufacturer was 
authorized to not comply with any specific 
requirements, such waivers should also be listed in the 
aircraft paperwork. These deviations and waivers must 
be of sufficient detail to allow the test agency to 
conduct the inspections needed to ensure that flight 
safety is not degraded. 

0neU.S. AirForceaircrafttypewas deliveredwiththe 
"blanket" waiver stating: "Certain clearances within 
the hydraulics and flight controls subsystems are not to 
military standards." Tbisvery general statement did not 
provide enough detail to allow the aircraft to be 
properly inspected for potential control systems 
binding or chafing. As a result, throughout the test 
program the aircraft was plagued by a host of minor 
chafing problems. 

The using command did not get off so easy. As least 
one aircraft was lost in fleet service because of control 
systemcable binding. Topreventfurtherlosses, special 
inspection procedures were set up, certain aircraft 
compartments were painted white to ease inspection 
and painfully rigorous foreignobject damage processes 
were used. The best solutionwould have been to design 
in adequate clearance. When that was not possible, 
each potential interference point should have been 
carefully noted and inspections planned. The added 
up-front effort would have been cheaper than an 
aircraft. 

When the paperwork is satisfactory, the aircraft should 
undergo a careful review to ensure that the hardware 
matches the "as-delivered'' configuration information. 
This usually means removing all access/inspection 
panels and possibly large units such as engines. The 
part numbers and serial numbers of major line 
replaceable units should be recorded along with the 
hour-meter readings on those units. The hour readings 
will be needed to calculate time to failure measures for 
those units that fail. The part and serial numbers are 
essential to understanding the aircraft configuration as 
modifications are made to the units. 

Along with inventorying equipment and recording 
data, the aircraft should be thoroughly inspected for 
design and workmanship errors. Test aircraft are 
normally produced on "soft" tooling with preliminary 
blueprints hy technicians that are just beginning to 
learn the processes weded. The probability of error is 
very high This inspection should be done by the most 
experienced maintenance technicians available. While 

includes government program management, 
contractors, test agencies, independent oversight 
agencies, and support agencies (repair depots). If the 
government is providing a significant amount of 
equipment to be integrated into avehicle, the supplying 
govemment agency should also be represented. 

This group should be formed before test planning is 
complete in order that the test can be structured such 
that all participant's objectives can be met. The 
JRMETs can be formally chartered. Such a charter 
should list roles and responsibilities. An example 
charter is included in Appendix B. 

Once flight testing begins, the group should meet 
periodically (perhaps monthly) to classify new dataand 
review results. The details of the classification process 
are discussed in the following test conduct section. One 
way to conduct the data review is to provide all group 
members a computer listing of new (since the last 
review)R&Mdatafor review priorto aformal meeting. 
The listing should be provided enough in advance that 
team members can get information needed for 
classification decisions. Particularly, the contractors 
must have sufficient time to provide preliminary failure 
analysis. 

Some test programs are using computer networks to 
provideteammemberswithreadyaccesstoR&Mdata. 
Team members use remote computer terminals to 
review datafromtheir home office prior to the meeting. 
At meetings, computer screen data are projected in 
large enough scale for paaicipants to conduct 
discussions and reach agreements. 

5.0 TEST CONDUCT 

5 . 1 p e c t i o n  

When the first and subsequent aircraft are delivered to 
the test site, an exhaustive physical inspection should 
be conducted. The purpose of these inspections is 
twofold: to inventory or baseline the aircraft and to 
ensnre the aircraft is truly flight worthy. 

The aircraft inventory and baseline are conducted to 
find what equipment was delivered with the aircraft. In 
the early stages of aircraft programs, equipment 
shortages are common and the testers must understand 
how the aircraft is confgured. The inventory begins 
with a careful review of all associated paperwotk. The 
individual aircraft papenvotk should list all deviations 
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many defects can be found easily, good inspection 
equipment such as lights, mirrors and borescopes will 
increase the percentage of problems found. Modem 
fiber optic borescopes with self-contained illumination 
and remotely controlled steerable heads greatly 
improve access to restricted areas Some current 
borescopes provide a video output for easy recording 
of inspection results. 

If video recording is available, it is an economical 
medium for recording defects found. Still photography 
canalso be used. Figure7 shows anexample ofawiring 
defect discovered during an initial inspection. Both 
cases show wiring chafing against aircraft structure. In 
the airbome vibration environment, insulation 
wear-through and eventual electrical shorts were 
inevitable. Besides those two, 37 other wiring/cabling 
defects where noted and corrected on that specific 
aircraft. Figure 8 is a somewhat different defect. An 
engine bay fire waming loop assembly is resting on 
aircraft smcture. When vibration and chafing wean 
through the line the engine fire waming will activate, 
the pilot will declare an inflight emergency and use the 
fire extinguishing agent. After landing, the problem 
would be found, but the labor to clean up the 
extinguishing agent will delay the test program 
noticeably. 

After the inspection and required fixes, it was felt that 
the aircraft was safe to fly. Before ten sorties were 
completed, the pilot declared an inflight emergency 
after many flight control failure indications. When the 
aircraft was dismantled, the evidence told a clear story; 
awirebundle hadchafedthroughandstartedaninflight 
fire in an area that had not been inspected. 

Evidence of defects such as these must be fed back to 
the manufacturer to prevent recurrence. Aircrews 
usually have strong opinions on matters suchas inflight 
fires and can be counted on to lend their voices to the 
efforts to convince the manufacturer to improve his 
product. 

As noted, even the initial inspection offers an 
opportunity to develop improved maintenance 
practices. After the inflight fire, the initial inspection 
was considerably more rigorous. Also, the initial 
inspection is the first chance to note access problems. 

5.2 Scheduled Maintenance/Servicing 

Frequently performed tasks such as pre/posttlight 
inspections often consume fifty percent of the 
maintenance labor hours on military aircraft. For 
reliable transport type vehicles, the figure is even 
higher. During the fleet life of these vehicles, frequent 
actions may be performed millions of times. Because 
of this high number, even the slightest labor and time 
savings can be important over the service life of the 
vehicle. 

Early in the test program engineers and experienced 
maintenance personnel should carefully scrutinize 
these commonly occumng tasks. Videotape recordings 
can show where task flow might be improved and time 
saved. Desktop computers with process flow analysis 
software can also help. Portions of tasks that cause 
difficulty might be improved with more training or 
different tools. One recent analysis showed a 
noticeable improvement in task times when the 
maintenance technicians were simply provideda better 
quality flashlight to perform aircraft interior 
inspections. 

Besides performing tasks in the optimal manner, the 
value of performing the particular task should be 
questioned. This is particularly true of inspections. 
Each step in any inspection should be carefully 
reviewed to establish a firm need for the task. Often the 
tendency is to inspect if there is any doubt as to the 
possible need. This over-inspection adds to downtime 
and labor costs. Sometimes, over-inspection may 
increase the probability of maintenance error and 
actually detract from the capability of the vehicle. 

If an inspection or preventive maintenance task is 
needed, the task frequency should be limited to that 
essential to safe and economical operation. Often, the 
inspection interval for newly-designed aircraft is 
relatively short because of the many uncertainties with 
new vehicles. This is often prudent, but a plan should 
be developed to increase the intervals as data are 
gathered and uncertainties are eliminated. For example, 
it is good practice to perform Spectroscopic Oil 
Analysis on the fluids in new aircraft even if it is not 
specifically recommended by the manufacturer. This 
should be done before the first flight and after the first 
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Figure 8 Fire Warning Loop Chafing Discovered During Initial Inspection 
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decrease safety. This is not as obvious as it looks. If the 
failure occurred during clear daytime flight, what 
would have been the impact if the problem arose during 
night or adverse weather conditions? What if this had 
been a second failure? For weapons delivery platforms, 
what if the failure had occurred during the stress of 
combat conditions? Aircrew experience is essential 
during these deliberations. The R&M test engineers 
must regularly consult with operations personnel to 
understand the significance of failures. 

Do not neglect ground operations. Toxic materials, 
high pressure systems, and ordinance are a few of the 
hazards that have caused lethal accidents in the past. 
Every failure must be reviewed to consider the 
potential safety implications on ground operations. 

If a failure does not affect safety, it may still be mission 
critical. For every failure, the astute R&M engineer 
must decide if the failure would prevent any of the 
aircraft’s designed missions. Experienced aircrew 
must also be consulted in these determinations. 
Further, many flight occurrences lead an aircrew to 
believe a failure has occurred, but later investigation 
cannot find any failure. As much as 30 percent of 
aircrew reported avionic problems c m t  be traced to 
a failed component. But, if the aircrew believes a 
failure has occurred, then the crew will act on that 
belief. That may include a mission deviation or, more 
seriously, a mission abort. If the crew does decide to 
continue the mission, they will likely quit using the 
suspect equipment and resort to a less capable 
altemative equipment. This means that a mission 
critical anomaly bas occurred although no hardware 
failure exists. This situation must be treated in much 
the same way as a hard failure; i.e. the problem must 
be investigated and eliminated. 

The least significant failure category is that class of 
defects that have no safety affect and do not prevent 
mission accomplishment, but still consume time and 
resources to correct. These problems can be considered 
in two broad, general classes: deferrable and 
nondeferrable. The nondeferrable problems are those 
that must be corrected before the aircraft can be 
dispatched on the next mission. Deferrable problems 
can be postponed until a scheduled maintenance 
period. 

Obviously, those failures that prevent anaircraft launch 
must be fixed first. Deferrable problems must be 
considered in light of the total amount of time that 

severalflights. The fluidmetalliccontent measurement 
provides a potential early warning of problems. But, 
once the metallic content is seen to be satisfactory, a 
maximum interval should be developed. 

Once a scheduled maintenance task is considered 
optimally structured, a standardized time should be 
agreed to and predictions updated. The standardized 
time can then be used in simulations and models. 

Scheduled maintenance tasks must also be considered 
inclimaticextreme conditions. Underthoseconditions, 
times will likely increase significantly. Sometimes it 
will be necessary to change procedures to accomplish 
maintenance tasks. Those special procedures should 
also be optimized and technical data changed 
appropriately. Resulting times should also be 
standardized and used in appropriate models and 
simulations. In this manner, aircraft maintenance 
requirements in extreme conditions can be predicted. 
AGARDograph Volume 8, Series No. 300 also 
discusses flight testing under extreme climatic 
conditions. 

5.3 Unscheduled Maintenance/Reliahility 

Unscheduled maintenance is that work required to fix 
failures (real or suspected). That work is the source of 
flight test reliability data and measures. During the test 
program thousands of failures may occur. Some willbe 
more significant than others. If the program was 
properly planned and well implemented, the R&M 
engineers should not need to spend much time on the 
day-to-day data collection efforts. Instead, the test 
engineers should focus on classfying and analyzing 
results. With thousands of failures to consider, the 
engineers must have some order-of-battle to structure 
their effofis. The following discussion is not the only 
method of classfying R&M dam but has proven 
helpful on a number of programs. 

An ideal reliability evaluation would analyze and fix 
every failure mode that occurs. Practical limitations 
like time and moneys always make that impossible. 
First, fix the problems that affect safety of flight. Then, 
those items that prevent mission completion must be 
corrected. Lastly, those noncritical failures that affect 
availability and cost should be addressed. 

This order of precedence should guide engineers 
during the test program. For every failure that occurs, 
decide if there is any scenario where the failure would 
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aircraft is unavailable for use. For example, simple 
maintenance tasks such as resealing panels become 
nontrivial when the sealant cure time is long (as much 
as 24 hours sometimes). 

In summary, failures should be considered in four 
general classes: safety-critical, missioncritical, 
noncritical-nondeferrable and noncritical-deferrable. 
While safety-critical failure modes must be eliminated 
(and usually are), the less severe failure modes should 
be fixed if cost effective. Generally, not enough 
problems are fixed. That is, more front-end investment 
in reliability improvement would lower life cycle costs. 
History does not document a single instance of a 
militaryherospace product with excess reliability 
(measured in life cycle cost). 

During program conduct each failure should be 
classified as to severity as discussed before. Also, each 
failure should be classified as to cause: i.e., inherent 
defect, induced defect or no defect. The latter class 
includes those cases where no actual failure is ever 
found. The computerized maintenance database should 
becapable of storingandrecallingtheseclassifications. 
Thc database should also be capable of recalling all 
data associated with these categories. 

For databases with those abilities, a most useful 
computer product is a listing of the most common 
failing items in each category. With such a listing, it is 
easy to see where the engineering emphasis must be 
placed to improve the vehicle. The test R&M engineer 
should review this "high-bumer" listing to insure that 
thc most frequently failing items are being corrected. 
Similarly, lists of the items receiving the most induced 
failures and the most nodefect type failures must be 
reviewed to insure that all are being corrected. 

As the test program progresses, the R&M engineer 
must search for the cause of failures and advocate any 
action needed to prevent recurrence of those failures. 
Once a particular part is deemed worthy of further 
investigation, the action to be taken depends on the 
tools available to the engineer. If flight test 
instrumentation is available to measure the 
environmental stresses (like temperature and 
vibration), a quick course of action may be to review 
existing data to insure that the equipment is not being 
damaged by the environment. If the environment 
proves benign or instrumentation is not available, a 
dctailed failure analysis (much like an autopsy) may 
provide the cause of failure. If the failure analysis 

points to an environmental overstress it may be 
necessary to add instrumentation to measure the 
operating environment. This is a lengthy process, but 
needed if the problem is severe enough. If the failure 
cause is overstress, the needed fixes are also difficult. 
Either the failed part must be made more 
environmentally durable or the operating environment 
must be improved. 

For heat related problems, sometimes cooling air 
allocations can be changed and more or cooler air 
supplied to the problem component. But, this lowers 
the cooling available to the rest of the system unless air 
conditioning subsystem modifications are made. If 
modifications are made to increase cooling capacity, 
then more energy (such as bleed air or electrical power) 
will be needed. 

For vibration related problems, improved isolation or 
energy absorption devices may attenuate the failure 
inducing emrgy enough to improve reliability. 
Unfortunately, such devices consume space and add 
weight. 

Forhmately, most (as much as 90 percent) failures can 
be prevented from recurring by eliminating intemal 
design and manufacturing errors. 

For those problems that are not considered inherent 
defects but, induced failures, the objective is the same: 
prevent recurrence. The most common causes of 
induced failures are aircraft operation outside design 
limits (pilot error), maintenance induced damage 
(maintenance error) and secondary failures. When 
errors occur, the normal reaction is to find the guilty 
and inflict sufficient punishment to insure more care in 
the future. 

But, this approach only insures that the currently guilty 
do not repeat the offense. Prevention of future errors 
requires a proactive action. Anytime a pilot or 
maintainer commits an error, the flight test engineers 
must search for the underlying reason. Potential 
reasons for human error include unfriendly hardware 
design, trap-ridden software, etc. Many errors have 
more than one factor. Review of aircraft accident 
reports shows the spectrum of things that can lead to 
human error and should be mandatory reading for the 
novice flight tester. 

An oft-advanced fix for human error is to improve the 
training given. Often this is the only cost effective way 
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cause and a reasoned decision made to alleviate the 
problem. 

The last class of problem is considered the nodefect 
failure, This seemingly paradoxical situation arises 
when the aircrew or the built-in-test reports a problem 
and maintenance cannot cause the problem to repeat or 
find any failed components. The situation where the 
aircrew reports a problem and maintenance finds no 
defect, but the symptoms repeat until a problem is 
eventually found is not within this no-defect class. 
Instead, this is a maintainability problem. This 
nodefect anomaly arises more often than normally 
expected. Experience shows that about 30 percent of 
all reported avionic faults result in no failed component 
being found. On some aircraft, the nodefect rate is 
considerably higher. 

Inthe expert’s opinioq most intermittent avionic faults 
are caused by defective connections in electrical 
connectors. This is aparticularly insidious failuremode 
to find. When the electrical connector is demated for 
troubleshooting or inspection, the problem normally 
vanishes. In fact, any movement of the electrical 
cabling or connector may be sufficient to improve the 
connection enough to restore the system to operation. 
This problem exists with all electronic systems, but is 
particularly acute with aircraft because s u e  and weight 
considerations lead to the smallest possible connectors. 
Gold-plated contact surfaces are used to maximize 
conductivity and minimize oxidation, but connectors 
remain a problem. 

The best way to minimize connector problems is to 
minimize connectors (not surprising). The F-4 series 
aircraft had 905 electrical connectors while the more 
recently designed F-18 (by most measures, the most 
reliable U.S. fighter) has 808 connectors. The 
significant decrease inconnector count, combined with 
the increased avionic capability of the F-18, shows that 
careful designcan help. The flight test community must 
always searchforways to simplify aircraft--connectors 
included. Flight test must also carefully scrutinize 
cabling, connectors, and supports for mechanical 
integrity. Vibration prone cablinglconnectors are 
failure prone connectors. 

5.4 Unscheduled Maintenancermaintainabilitq 

The maintainability analysis methods used for 
scheduled maintenance also work for unscheduled 

to eliminate problems once an aircraft is in fleet usage. 
During flight test it may be possible to change the 
design to remove the source of potential error and this 
option should always be considered first. 

In some cases, tasks are so difficult that the probability 
of error is significant even if utmost caution is used. In 
some early versions of the F-16 aircraft there was a 
requirement to tighten a steel oil line to a steel fitting 
at a torque of over 100 foot-pounds. That torque figure 
was appropriate for the steel fittings used. The steel 
fitting however, was threaded into a magnesium 
gearcase. The technical instructions carefully specified 
how wrenches were to be used. But access to and 
visibility of the area was almost nonexistent. As a 
result, when tightening the steel line, the maintainers 
would accidentally transfer the 100 foot-pounds of 
torque into the magnesium gearcase. On the ground, 
the stripped threads were not apparent. In flight the 
engine vibration quickly loosened the stripped fitting, 
the oil drained overboard, and the aircraft generator 
froze. Usually the emergency power unit functioned 
properly and the pilot landed the vehicle. After ten such 
instances, the design was changed to prevent such 
accidental overtorquing. Here, the safety of flight issue 
made an error-proof design essential and the hardware 
was modified. 

Not all induced failures are the result of human error. 
Secondary failures are those failures that occur when 
associated equipment fails and induces other failures. 
Sometimes, the original, or primary failure, may be 
insignificant compared to the resulting secondaIy 
failure. Consider the case where a small 
fonvard-mounted fastener loosens and departs the 
aircraft--through the engine. Here the primary problem 
(the lost fastener) was induced by human error 
(insufficient torque) and the secondary failure was 
catastrophic. 

In another memorable case, a thyratron (high power 
switching device) failed and killed eight other 
electronic components. The thyratmn was inexpensive 
(US. $200) and had a low expected reliability of about 
1,000 hours mean life. One of the secondary failures 
was an expensive pulse forming network that should 
have been ailure-free. The design was changed to 
prevent secondaIy failures. 

In summary, all induced failures, whether caused by 
human error or system design, must be investigated for 
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maintenance. An important difference betweenthe two 
categories of maintenance is troubleshooting. The 
more complex the system, the harder the fault isolation 
process. Electronic systems with more than one LRU 
"b1ackbox"oftenrequire more time to faultisolate than 
to physically repair. Even the most experienced 
technicians cannot isolate the failed LRU in some older 
aircrafi systems. When that occurs, all suspectedLRUs 
must be replaced (sometimes called shotgun 
maintenance). The cost of this inefficiency make it 
imperative that R&M engineers fix such problems. 
Many aircraft contracts require a fault isolation 
capability that will isolate any failure to a single LRU. 
The isolation capability may consist of troubleshooting 
instructions (technical data), ground test equipment, 
built-in-test, or any combination. During the test 
program, any failure that cannot be isolated must be 
studied in detail. The R&M engineers inust report the 
failure mode, fault isolation problems and recommend 
the changes needed to improve the isolation process. 

5.5 Contractual Requirements Verification 

An important (and very visible) element of the flight 
test is verifying that the contractor(s) achieved the 
R&Mlevels specifiedincontracts. The process is made 
more difficult by the wide variety of R&M measures 
uscd in different contracts. Further, evexy contract 
seems to reinvent circumstances which must be 
excluded from consideration. Generally, the purpose is 
to assign liability for all occurrences caused by the 
contractor's design and manufacturing efforts. 
Convcrsely, liability is withheld for occurrences 
beyond the contractor's control. The concept is simple 
in theory and difficult in practice. 

For example, maintenance technician error is beyond 
the control of the contractor and excluded from 
consideration. However, if the error was induced 
because t k  technician followed incorrect instructions 
in contractor-provided technical data, the occurrence 
must be considered. An even more subtle problem 
occurs when the contract specifies a journeymen-level 
technician must be able to perform all maintenance 
tasks. Then, when maintenance error occurs, there is an 
inevitable dispute over whether the task is to difficult 
for a joumeymen technician. Contracts seldom discuss 
such subtle nuances which must be negotiated with the 
contractor. The JRMET or equivalent group is an 
excellent forum for such negotiations. The results must 
be carefully documented throughout the test program. 

During the test program every occurrence must be 
assessed for chargability against reliability and 
maintainability guarantees. That is, all reported defects 
and maintenance actions must be reviewed to 
determine if they are attributable to the contractor's 
design or mannfacturing processes. Again, the JRMET 
or it's analog is the correct forum for such 
classification. Once a decision has been made, each 
action should be tagged as to the contractual relevance. 
This tagging or classification should be entered into the 
computer database. 

5.6 Built-in-Test 

Built-in-test (BIT) is a widespread technique used to 
help in fault isolation. This self diagnosis capability is 
also used to aid aircrews by showing that critical 
equipment is working. Aircraft contracts often state 
something like: "Built-in-test shall detect 100 percent 
of all mission critical failures and isolate 90 percent of 
all detected failures to a single LRU." False alarms 
(incorrect indication of failure) are always a problem 
and contracts normally spec@ a maximum false alarm 
rate. Final development and assessment of the BIT 
capability is an important part of the R&M test effort 

All reported failure indications and maintenance 
actions must be assessed as to the success, failure or 
nonapplicability of BIT in each instance. Once again, 
this is a JRMET task. The results of the assessment 
should be entered into the computer database. When 
the database is complete, calculation of BIT measures 
of merit is straightforward. 

5.7 Summary 

Much of the practicing R&M engineer's time is spend 
classifying reported failures and maintenance 
occurrences. Reported failures must be classified as to 
: safety criticality, mission criticality, cause, and BIT 
effectiveness. Also, contractor attributability must be 
determined. Once the classificationprocess is complete 
and the computer database is updated, calculating 
R&M measures of merit is easy. 

6.0 DATA ANALYSIS AND PRESENTATION 

Besides data classification, data analysis is an ongoing 
activity throughout the test program. The previous 
chapter briefly discussed the "high-bumer" lists of 
most frequently failing pads and emphasized the need 
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0.25-growth rate is consemtive and generally 
considered low- risk. 

More controversial is the step improvement shown at 
the 645 flight hour p in t .  That step represents the 
improvement expected from programmed changes. 
Table 11 lists the changes planned. The cross-hatched 
area inFigure 9 representstheuncertainty inestimating 
the reliability improvement. This type of presentation 
is a method to project future reliability from current test 
results. The obvious weakness' of estimating the 
reliability of improvements and assuminga growth rate 
can and are criticized. The advantage is that these 
assumptions are visible and can be discussed and 
justified in detail. Commonly the improvements are 
obviously low risk. For example, Table 11 lists radial 
tires as an improvement. The reliability improvement 
of radial overbias ply tires is well established and that 
particular change should not be questioned. Other 
changes, such as the digital displays, are harder to 
estimate and jus@ a reliability improvement. If the 
improvement is a completely new development, the 
initial reliability may be lower than the proceeder item. 
Then it is necessq to plan a reliability growth for the 
"improved" item. 

Table 11 
F-20 Planned Reliability Improvements 

Digital Displays 
40 KVA Generator 
MainBattery 
Fuel Quantity Indicator 
RadialTires 
Display Processor 
Inertial Navigation Unit 
TailBeacon 
Windshield Sealant 

Similarly, maintainability must be predicted from 
flight test data. Where major changes, such as shown 
in Table 12, are planned, a growth plot and step 
improvement is appropriate. 

The preceding assumes that the system is ready for 
productionorat least close. The situationis muchmore 
difficult if it is not ready for production The onus is 
usually on the testers to clearly prove that the system 
is mt suitable for production and what changes are 
needed. Recent U.S. program such as low-altitude 
navigationand targeting infrared for night (LANTIRN) 

to find and fix problems. This improvement process is 
the real "value-added" of a good R&M test program 
and all data analysis should support that objective. 

6.1 Produc tion Readiness 

After finding and fixing problems, determination of 
production readiness is the highest payback effort. An 
important program milestone is the beginning of 
production. It is certainly the most politically visible. 
Production startup means committing large amounts of 
money to the program and is almost an irreversible 
commitment to the system. The flight test results are 
often scrutinized and criticized in the technical and 
political arenas. The political champions of the 
weapons system will loudly broadcast positive flight 
test results and downplay any negative results. The 
weapons system opponents will seize any shortcoming 
discovered during test and herald it as evidence of 
developer incompetence. If there is no negative news, 
the opponents will likely question the test data and in 
extreme cases, question the integrity of the testers. 

The production readiness question is pafiicularly 
difficult for the Reliability and Maintainability 
engineers because of the reliability growth phenomena. 
Ifthe R&M engineers have been successful, the system 
reliability has steadily improved during the test 
program. More over, many problems that were 
discovered during test could likely not be economically 
fiied on the test vehicles, but could readily be fixed in 
the production versions of the aircraft. The challenge 
is to predict the reliability and maintainability of the 
production aircraft using data from test versions of the 
vehicle. This must be done rigorously to fend off the 
inevitable criticism from those disappointed in the 
results. 

One method is shown graphically in Figure 9. That 
method of plotting reliability growth on log-log scales 
is called the Duane reliability growthmodel (Reference 
1). This illustration first plots the reliability growth 
during the F-20 test program. The first portion of the 
plot, between 100 and 645 cumulative flight hours, 
shows the actual reliability measured during flight test. 
Figure 9 shows the measured cumulative reliability as 
1.9 hours meantime between maintenance(inherent) at 
the 645 flight hour pints.  Also shown is the measured 
reliability growth rate (alpha) of 0.25. The area of the 
plotbetween645 and 10,000flight hoursis aprojection 
based upon the measured 0.25-growth rate. The 
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withstand a certain humidity level, but would not 
fumtion long if submerged. 

Other qualitative reliability requirements are not as 
readily demonstrable. A common flight controls 
system requirement is: "No single-point failure shall 
cause the probability of aircraft loss to exceed one p a t  
in a million." A careful review of the design will help 
venfy that the requirement has been met, but it is 
possible to overlook subtle details. As flight test 
proceeds, the subtleties should become evident. In one 
classic case, a quad-redundant flight control system 
hadfourpowerrectifersusingacommongroundwire. 
Fortunately, the situation was discovered before the 
wire failed. 

Qualitative maintainability requirements are also 
amenable to inspection. These requirements are 
designed to ease maintenance and to prevent 
maintenance error. Some common requirements are: 

1. Captive fasteners shall be used for 
nonstructural access covers. 

2. Keyed electrical connectors shall preclude 
mating to wrong receptacles. 

3.  No adjustment, other than operator controls, 
shall be required when replacing one or more units. 

There are many more common qualitative 
requirements; the testers should develop a checklist to 
ensure all requirements are considered as the program 
progresses. 

Considerable care is required to venfy quantitative 
reliability requirements. The simplest and most 
commonmeaswe ofreliability isMTBF. Bothtimeand 
failure must be carefully and precisely defined. As 
discussed previously, time (or measurement of stress) 
is commonly defined as flight time. The flight test 
environment complicates the issue. For many reasons, 
flight test aircraft are likely to be operated on the 
ground more than a fleet service aircraft would be. This 
"excess ground operating time" adds stress to many 
aircraft components. If the aircraft ground cooling 
capability is not as good as the inflight cooling, it is 
possible that the ground environment is more stressful 
then flight. Provision must be made to account for the 
"excess ground operating time." The simplesf way is fo 
simply censor, or exclude failures that are obviously 

and the advanced medium-range air-to-air missile 
(AMRAAM) have suffered production delays until 
reliability bas been improved and demonstrated. In 
these cases, the political arena became interested and 
the onus was on the developer to prove reliability was 
sufficient 

Table 12 
F-20 Planned Maintainability Improvements 

Onboard Oxygen Generation System 
Engine 
- ignitorbox 
- support equipment 

- hingeradome 
- bleed air duct 
- radar air dehydrator 

Airframe 

6 , L & E C  ificatinn Ve rification 

Demonstrating manufacturer compliance with 
contracts and specifications is one of the more 
contentious aspects of flight test R&M evaluations. 
The manufacturer is strongly motivated to demonstrate 
that the aircraft meets all R&M requirements. If the 
testers claim otherwise, they had best have complete 
evidence to show any noncompliance. The first area 
questioned will likely be data collection accuracy. 
Once the testers prove that the data are accurate, the 
data interpretation will be scrutinized. This means that 
the data analysis must be rigorous to withstand 
challenge. Often, specifications are both qualitative 
and quantitative for R&M. 

Qualitative reliability is usually easy to verify or 
disprove, A single occurrence of a proscribed action 
will show noncompliance. Some qualitative reliability 
requirements can be verified by inspection of the 
design and aircraft. These requirements often take the 
form of specifying certain functional characteristics 
such as: "All electrical connectors shall provide 
protection from any anticipated environment." 
Inspection will show if environmental connectors are 
installed. The problem becomes more difficult if an 
environmental connector fails to provide adequate 
protection. A photograph would demonstrate that the 
connector did not provide protection, but some 
evidence of the environment at time of failure is aIso 
needed. Obviously, a connector might be designed to 



38 

caused by ground operation Another method is to 
consider a ground operating hour as equivalent( in 
stress) to some fraction of a flight hour. Then, an 
"equivalent flight hour" can be calculated and used as 
a total measure of stress: 

Equivalent Flight Hours = Flight Hours + "Excess 
Ground Hours" /Adjustment Factor 

The environmental stress factors on US. 
Mil-Handbook 217 are commonly used for the 
adjustment factor in the previous equation. The 
handbook lists 6.0 as the ratio of stress difference 
between the airborne uninhabited environment and the 
ground fixed environment. This translates as saying 
that flight is 6.0 times as stressful as ground operation. 
Once equivalent flight hours are calculated, that figure 
can be used as the numerator in the various "Meantime 
Between" equations. 

Failures must also be precisely defined. The earlierdata 
classification section discussed the different types of 
failures and failure criticality. Specifications must 
clearly state what is considered a failure for any 
requirement. 

A last factor causing difficulty inassessing quantitative 
reliability is the reliability growthphenomena. It is well 
established that reliability will improve throughout the 
development program ifan effort is made to correct and 
prevent recurrence of failure modes. If reliability is 
improving as a function of test time, at what point 
should reliability be measured? The reliability shown 
at the end of test will be the most representative of that 
experienced infleet service. But, shouldthecumulative 
reliability to date be used or perhaps a point estimate at 
the end of the test program? Should improvements 
planned but not implemented be imluded to estimate 
reliability? 

Answers to these questions as well as definitions of 
stress time and failure must be fully addressed before 
attempting to assess specification compliance. Ideally, 
the flight test agency and the contractor would agree to 
all definitions before the start of test. 

7.0 REPORTING 

7.1 General 

The most exhaustive test would have no value if the 
results are not used. The first step to usage is to make 

the results known. This chapter discusses some ways 
to report test results. 

7.2 Deficiencies 

All deficiencies must be reported when possible. The 
long lead tnnes needed to implement changes make it 
crucial that defects be reported in a timely manner and 
corrective actions begun as soon as possible. Flight 
safety is also a major reason to spread the word about 
problems. If a deficiency bas any safety-of-flight 
impact, the information must be disseminated 
immediately. Aviation history lists many cases where 
aircraft accidents would have been prevented if the 
right people had the needed information. 

Many organizations have developed administrative 
systems to manage these technical problems. These 
systems consist of a form to capture all needed 
information and, perhaps, a computerized database to 
store the information. If possible, a computerized 
system is most highly recommended. Lengthy test 
programs on complex aircraft produce hundreds and 
sometimes thousands of deficiency reports. 

Figure 10 is an example form completed to show the 
details of anaircraft reliability problem. Table 13 lists 
and explains the data elements on the form. As shown, 
the deficiency report focus is on a single narrow 
problem. Another important point to note is the level 
of detail. The information must be sufficient to 
convince readers that a problemtruly exists and that the 
problem impact is sufficient to warrant a corrective 
action. Oftenthe aircraft advocates and contractors are 
not pleased when told of problems with their prize 
creation and the flight test engineer must present a 
convincing argument. Analogous to a banister arguing 
a case, the engineer must present compelling evidence 
to prove the existence and impact of deficiencies. 

Any computerized data system should also track 
actions after the deficiency is initially reported. Some 
important information includes details of corrections 
and implementation effectively. Also, any additional 
flight test efforts needed to either better define the 
problem or to show the effectiveness of fixes shouldbe 
included. 

These deficiency reports should be considered action 
documents. This means the time between discovery of 
the problem and the report should be a matter of days 
(hours ifflight safety is affected). Every report should 
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S E R V I C E  R E P O R T  R E C O R D  

I 
i 

O Category I Service Report I (Protect I.A.W. AFR 70-15) 
0 Category II Service Report I @ Mission Essential Deficiency 
0 Repeat Category 1/11 Service Report I 0 Degrades Mission Deficiency 
0 Initial Acceptance Inspection I 0 Proposed Enhancement 

I 

SUBJECT I 0 Yes Q No Source Selection Sensitive 

Excessive Failure Rate of Armament Control Panel (A-6 Card) 

1. FROM 2. TO 
452 FLTS/EN ASCIENR 

3 REPORT CONTROL NO 13 OPERATING TIME AT FAILURE 0 UNK 
F-15CTF-94-001 Various 0 NIA 

4. DATE DISCOVERED 14 GOVT. FURNISHED PROPERTY 0 UNK 
18 Jan 1993 0 YES 0 NO 0 NIA 

5. NSNIFSN 15 OUANTITY ~ INSPECTED ~ DEFICIENT 0 U~~ 
RECEIVED I I 

I I 

I I 

5870-00-341-4221 0 NIA 

6. NOMENCLATURE I I 0 UNK 
i? NIA 

I Armament Control Panel 
7. MFR. SHIPPER, OVERHAUL 0 UNK 16. DEFICIENT ITEM WORKS ON OR WITH 

I NEXT HIGHER ASSEMFJLY Po~WOKDhiC SVStemS 0 NIA END ITEM 
I 
I C-935869-09 0 NIA I 

Various 0 NIA 0 NlA 

8. MANUFACTURER'S PART NO. 0 UNK 

9. SERIAL, LOT. OR BATCH NO 0 UNK 17 DOLLARVALUE 0 UNK 

IO. CONTRACT, PURCHASE ORD. DOC NO. 0 UNK 18 ESTIMATED CORRECTION COST 0 UNK 
Various 0 NIA 0 NIA 

11.  ITEM 0 UNK 19 ITEM UNDER WARRANTY 0 UNK 
M NEW 0 OVERHAULED 0 NIA 0 YES 0 NO 0 NIA 

12. DATE MFD. REPAIRED OR OVERHAULED 3 UNK 20. WUC OR PSEUDO WUC 0 UNK 
Various 0 NIA 75QED 0 NIA  

21. ACTION OR DISPOSITION [ 0 RELEASEDTO C RETURNtDTO 0 REPAIRED 
I I ?2 HOLDING EXHIBIT -WDS. 

22. DETAILS (CONTINUE ON REVERSE1 
The Armament Control Panel has failed six times during the flight test program (140 
hours, MTBF= 27 hours). In all cases the Master Jettison circuuit card assembly (A-6) 
had failed. Replacement of  that card restored the falled control panels tp 
operation. 
The conformal coating was intact and in good condition. 

Physical examination of the failed A-6 cards revealed no obvious cause. 

A SUBJECT AREA B. IMPACTS ON C. HAZARD CODE 
(MILSTD882A) . . .  

01 011 
0 111  0 IV 

I I 
D RECOMMENDATIONS (CONTINUE ON REVERSE) 
A detailed physics-of-failure analysis required to determine the exact 
failurecause. The last t w o  failed A-6 cards are being held by the test team. 
Recommend that these cards be returned to the manfacturer ( or an independant test 
laboratory) for detailed analysis. 

E STANDARD REPORT DESIGNATOR 

G ORIGINATOR NAME B PHONE NO DATE H RELEASER AUTHORITY NAME, PHONE DATE 

F COMMAND CODE 

AFTO ;;;y9 240 PREVIOUS EDITION IS OBSOLETE 

Figure 10 AFTO Form 240 
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Table 13 
Deficienzy Report Contents 

Block Block Block 
c o n t e n t s  

Block Block Block 
N o . -  Con t e n t s  

ncne S u b j e c t  I d e n t i f i e s  type  of r e p o r t  1 5 .  QDANTITY L i s t s  n w h e r  of s i m i l i a r  
a;ld l i s t s  t h e  n i s s i o n  par t s  available and nilmbc 
c r i t i c a l i t y .  d e f i c i e n t .  

ncne T i t l e  One s e n t e n c e  n a r r a t i v e  1 6 .  DEFICIENT L i s t s  t ype  a i r c r a f t  a d  
d e s c r i b i n g  the d e f i c i e n c y .  ITEM WORKS n e x t  l e v e l  Of assembly 

r e p o r t i n g  t h e  d e f i c i e n c y .  . 1 7 .  DOLLAR C o s t  of d e f i c i e n t  p a r t .  

r e s p o n s i b l e  fo r  c o r r e c t i n g  1 8 .  ESTIMATED S e l f - e x p l m a t o r y .  
t h e  d e f i c i e n c y .  C O R X C T I O N  

ON/WITH above def i c i e n t  p a r t .  
1. From Name and a d d r e s s  of agency 

2 .  To N a m e  and a d d r e s s  of aqency 
VALUE 

COST 
3 .  i lepar t  NLnber a s s i g n e d  for -&%in- 

Con t ro l  i s r r a t i v e  t r a c k i n g  and 1 9 .  ITZM UX3ER Used io p r o c e s s  w a r r b i t y  
NO . c o n t r o l  pu rposes .  c la ims .  

4 .  

5. 

6. 

7 .  

8 .  

9 .  

10. 

11. 

1 2 .  

13. 

14. 

Date D i s -  
cove-ed 

KSN/FSN 

Nonen- 
c l a t u r e  

E R ,  
SHIPPER 
OvEx=Abz. 

--- 
A,::< 

Calen6ar  d a r e  t h e  d e f i -  
c i e n c y  s.as found.  

p a r t  nirnber unique t o  U S  
m i l i t a r y .  - 

N a n e  of t h e  d e f i c i e n t  p a r t .  

Agency r e s p o n s i b l e , f o r  
manufac tu re r ,  r epa i r  or 
t r m s v o r t a t i o n  [ i f  damaged 
i n  trilnsit 1 of d e f i c i e n t  
par:. 

i lnique number a s s i q n e d  by 
t h e  m a m f a c t u r e r .  

NurnSer t o  h e l p  i d e n t i f y  
d e f i c i e n t  p z r t .  

Number a s s i o n e d  t o  d e f i -  
c i e n t  p a r t  pu rchase  p a p e r -  
work. 

i n d i c a t e s  i f  d e f i c i e n t  p a r t  
w a s  nezI or o v e r h a u l e d .  

Snows <ate deeic ien:  i t e m  
";as l a s t  renei'ed. 

x e a s u r e  of accumulated 
s t r e s s  a t  f a i l u r e .  

Shows i f  d e f i c i e n t  

p r o v i d e d .  
item w a s  goverrment 

20. 

21. 

2 2 .  

A .  

a .  

C .  

3. 

ELF. 

G6H 

wuc OX 
pss-mo 
WUC 

ACTION OR 
DISPOSI- 
T I O N  

DETAILS 

SUBJECT 
AREA 

IMPACTS ON 

liAzARD 
CODE 

RECOMIEN 
DATIONS 

Hardirare i d e n t i f e r  code 
used i n  a d d i t i o n  t o  p a r t  
n;unbers. 

Shows what w a s  done w i t h  
d e f i c i e n t  p a r t .  

MOSZ imeortbqt e n t r y  on 
form.  ;?, n a r r a t i v e  bf p r  
?em r?d impac t .  Must hav  
enouch i n f c n n a t i c n  t o  a l  
c o r r Z c t i o n  t o  be d e s i g n e  

L i s t s  irea of d e f i c i e n c y  
(DesiSn,  L o g i s t i c s ,  e t c .  

Lists t e c h n i c z l  a r e a  in-  
p a c t e d  by d e f i c i e n c y  (26  
U t i l i t y ,  e t c . ) .  

Shcws s a f e t y  impact of 
d e f i c i e n c y .  

N a r r a t i v e  d e c r i b i n g  zny 
p c t c n t i a l  remedy f c r  t h e  
d e f i c i e n c y .  

M i l i t a v  designators cn: 
t o  Us A;r F c r c e .  

I d e n t i t y  of p e r s o n  r e p c :  
i n g  d e f i c i e n c y .  
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end of the flight test program. This includes growth 
projections as discussed earlier. Table 14 is an outline 
of one-way a final R&M report might be structured. 

7.5 Lessons Learned 

Some organizations have a formal repository of 
so-called lessons learned. These "lessons" are intended 
to document problems so that others may avoid 
unpleasant relearning experiences. Suitable lessons 
learned subjects may come from any phase of the flight 
test effort: planning, provisioning, execution or 
analysis/reporting. Also, any portion of the aircraft or 
associated equipment may provide a lesson that 
designers should learn from. 

Anexcellent example of aprogrammatic lessonleamed 
and ever relearned is the need for good failure analysis. 
History does not offer one instance of overanalyzing 
failures. To the contrary, too many failures are written 
off as "random" and needed improvements left undone. 

Many technical societies exist for every engineering 
discipline, R&M included. Often these societies 
publish journals and hold technical symposia. These 
are excellent opporhmities for the individual engineer 
(or small team) to get publication credit and spread the 
word on important technical work. Many society 
publications are saturated with papers from academia 
and practical papers are often welcomed. 

When the reports are written, the aircraft delivered to 
the customer and the test team scattered to the four 
winds, there is still more to do. The effectiveness of the 
R&M evaluation can only be measured by examining 
the user's success in operating the system. The more 
problems the user has, the less effective the flight test 
program was. 

8.1 Accident Reports 

Test agencies should routinely examine accident 
reports concerning systems they tested and others. 
When an accident occurs, the testers must ask 
themselves ifthey could have done anything that would 
have prevented that particular occurrence. Even if they 
where not the responsible test agency, there are lessons 

cause a conscious decision made to either fix the 
problem in some manner or to live with it. If the 
problem cannot be fixed, the information should not be 
discarded. Instead, all such information should be 
carefully archived. Every aircraft is modified during its 
sewice life and it may be possible to fix the problems 
then. 

7.3 Prowess Reports 

Several progress or interim reports are usually needed 
during the test program. These are often coincident 
with different program milestones such as production 
decisions. Customer needs should establish the 
contents of these reports. To the extent possible, these 
reports should be considered during the program 
planning phase. Report times and content should be 
planned. 

Specifically, for production decisions, the program 
advocates will need to show how well the aircraft is 
doing in relation to contractual and user requirements. 
These program advocacy milestones may take the form 
of briefings to decision makers or summaq level issue 
papers. Ineither case, limited time and space meanonly 
the important issues canbe discussed. For example, for 
production decision briefings, R&M is seldom 
allocated more than two briefing slides. As discussed 
earlier, reliability and maintainability growth curves 
will usually be needed to show that the vehicle is 
making satisfactory progress towards requirements. 

Also recommended is a list of deficiencies discovered 
and the planned corrections. This list can be rank 
ordered with the most serious first. Such a list can 
convince various parties that the problems are being 
fixed. Often, the problems are reported in the news 
media, but the fixes seldom are. This type of candor 
establishes the credibility of the testers while 
correcting popular misconceptions. 

7.4 Final Technical Reports 

Traditionally, a final report is written at the conclusion 
of the program. These reports are not normally action 
documents. By the end of the test program, production 
is well underway and the time to make improvements 
is past. The final report should, however, summarize 
the test program including problems encountered and 
corrected. The repod should also present a complete 
list of R&M parameten measured and current at the 
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Table 14 
Reliability and Maintainability R e p t  Outline 

PREFACE: Xelation of this report to other reports and work in progress 

EXECUTIVE SUMMARY: A sumnary of the report with a brief description of the 
results, conclusions and recommendations 

TABLE rrf CONTENTS: 

LIST of ILLUSTRATIONS: Including growth charts, task timelines and photo- 
graphs/drawings to illustrate problems 

LIST of TABLES: Including R&M measures of merit 

INTRODUCTION: 

Background: Eistorical information such as preceding tests, program 

General: Test dates, hours flok-n, planned versus actual tests and criti- 

Test Objectives: Focus of tests 
Test Limitations: L i y  limitations which prevented complete accomplishent 

of test objectives 
Test Item Description: Brief description of the article tested-- Differ- 

ences between the test article and planned production vehicle should be care- 
fully listed-- If a description is overly long  and mighr distract from the 
focus of rhe report, an appendix might be used to describe the article 

___ TEST and EVALUATION: 

overview - -  refer to appendix for detailed description 

authorizations and direction 

cal issues m d  questions 

Test Methods: Including brief data collection, processing and analysis 

T e s t  Results: 
Overall Aircraft Results: 
Individual subsystem Results: 

Both aircraft level and subsystem results should include R&M measures, de- 
scriptions of deficiencies (refer to previous deficiency reports), and needed 
illustrations such as groxth plots, task timelines and photographs/drawings to 
show problems, include confidence levels as appropriate, draw conclusions and 
make recomnendations as appropriate Lqd discuss needed changes and any further 
testing required. 

CONCLUSIONS & RECONXENDATIONS: A summary of important conclusions and 
reconmendations in :he body of the report 

REFERENCES: Include sources for specifications, requirements, designs, and 
other helpful reports or documezts 

APPENDICES: Includeias reeded) detailed descriptions of test methods, test 
articles and results/data, Sortie or Missions Summaries, Deficiency Reports 
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delivered to the user. The testers should monitor the 
modifications needed to see if problems went 
unnoticed during the test program. Academician G. V. 
Novozhilov, writing in the U.S.S.R. publication 
VESTNIK, discussed reliability of wide-body aircraft. 
As part of his work, he compared the complexity and 
reliability of the 11-62 and 11-86 flight control systems. 
Quoting: "One canjudge the complexity of the control 
system of a modem aircraft by the number of units that 
make it up. Thus, for the 11-62 aircraft control system 
there are some 16 units, 78 for the 11-86.'' Academician 
Novozhilov continues to discuss the technique used to 
develop reliable flight controls for the 11-86, He 
summarizes by comparing the modifications needed in 
the first 4 years of 11-62 service with the first 4 years of 
11-86 service. Figure 11 reproduces that comparison 
and clearly shows the improvement. 

9.0 FUTURE CONSIDERATIONS 

The easing of global tensions will mean a continuing 
decline in funding for military purposes. This alone 
would translate to an increasing demand for reliable 
and maintainable equipment. Coupled with the 
emerging processes and techlogies, the time is right 
for a drastic increase in R&M performance. 

9.1 Pmcesses 

In the past, too much emphasis has been placed on 
measuring R&M and not enough on designing reliable 
and maintainable equipment. This realization, along 
with improved computer design tools, is leading to a 
shift in emphasis. A fundamental way to improve 
reliability is to design equipment with sufficient 
integrity to thrive in the intended environment. New 
thermal and vibration computer analysis tools are 
increasing the ability of the designer to test the design 
before metal is cut. Anthropometric computer 
simulations are being used to test the man- machine 
interface. This will eliminate many maintainability 
difficulties before any fabrication begins. 

9.2 TechnoloPies 

Reliable, accurate navigation systems have been a 
major aerospace problem for decades. With the 
deployment of the global positioning system and the 
development of ring laser gyms, the solution is near. 
Systems with 5,000-hour MTBF are feasible. The price 
and size of these systems will allow dual redundancy 
for essentially infinite mission reliability. 

to be learned from every accident. The reports contain 
a wealth of detail that can help improve and justify 
future test efforts. 

8.2 In-Service R&M Data 

Test Agencies should also examine the in-service 
R&M results from the aircraft that they and others 
tested. Comparisons of actual usage with test program 
results will quickly point out any weakness withthe test 
process and allow better tests in the future. This is 
particularly important when test results are used to 
extrapolate to predict mature system R&M 
performance. As discussed earlier, the test program 
should significantly improve the R&M of the aircraft. 
If further improvement is expected in the production 
version of the aircraft, such expected improvement 
should be verified by analysis of inservice data. 

Sometimes test agencies must review in- service R&M 
data as a protective measure. If the fleet R&M results 
are significantly less than measured during the test 
program, the tester's credibility is questioned. During 
the F-15A acquisition program the aircraft central 
computer was specified to have a 2,000-hour h4TBF 
and measured 1,846-hour MTBF during flight test. 
After the production aircraft were delivered, the 
in-service results showed a 44-hour MTBF for the 
computer. The drastic difference and the highcomputer 
cost quickly got the attention of many flag rank officers 
and the testers were questioned. When the flight test 
results were easily defended, the question shifted to ask 
why in-service results where so bad. After a detailed 
analysis, the answer was apparent. The software was 
still evolving and the computers were often removed 
for reprogramming. The in-service R&M data 
collection system considered any removal, regardless 
of cause, as a failure unless it was specifically told that 
no failure existed. All removals were traced, by 
computerserial number, throughalllevels ofrepairand 
only those computers requiring physical repair were 
classed as failures. After that exhaustive reconciliation 
effort, the MTBF was recalculated as 1,780 hours for 
in-service use. The flag rank officers were mollified. 
The testers gloated and gleefully pointed to the 
in-service data collection system as yet another 
example of user incompetence. 

8.3 Modification Reauirements, 

Another measure of the development program success 
is the need for modifications after the aircraft has been 
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prove to be a low cost solution to many high 
temperature problems. 

Efforts are ongoing to achieve a more electric aircraft. 
This effort strives to minimize or reduce the use of 
airbome hydraulic, pneumatic, mechanical and 
accessoxy g e d o x  systems. These would be replaced 
by high reliability electrical controllers and high 
efficiency electrical motors. Weight and space savings 
are expected to be accompanied by improved reliability 
and maintainability. 

Improving reliability will mean major changes in the 
way systems are operated and maintained. Many 
avionic units are reliable enough for two-level 
maintenance (on aircraft and depot) now. In the future, 
most shop type maintenance will become redundant 
and, some equipments will require only single level 
maintenance -they will be discarded upon failure. 

The increased reliability has already made it possible 
to consider composite U.S. Air Force Wings. For 
decades, most wings were a single aircraft type to take 
advantage of the economies of scale in the shop repair 
environment. This greatly increased the command and 
control problems when different aircraft types were 
needed for a mission. Now, it is increasingly feasible 
to assign multiple aircraft types to the same wing and 
greatly increase unit cohesion. 

And, the maintenance process will also change. 
Built-in-test is a continuously improving discipline. 
Artificial intelligence tools like expert systems, fuzzy 
logic, and neural networks all hold promise to make 
fault diagnosis better and cheaper. 

Microelectronics makes it possible for each individual 
unit to remember it's ownoperations (including stress) 
use, failurehepair history and modification record. 
Maintenance malpractice will be easier to isolate and 
correct. Intermittently failing units will be found 
quicker. 

Airbome radars have also been an ongoing problem. 
From the days of vacuum tube technology, airbome 
radars have seldom exceeded a 100-hour MTBF. A 
major contributor to that unreliability was and is the 
transmitter-receiver (TR). With the emergence of 
economical TR modules in phased anay radars, the 
mission reliability will be greatly improved. When a 
single module fails, sensitivity will be reduced, but the 
function will not be lost. This "graceful degradation" 
feature will do much to improve aixbom radar 
reliability. 

Additionally, new display technology will eliminate 
the use of cathode ray tubes (CRTs) in aircraft. While 
CRT reliability bas been continuously improved over 
the yem,  the vexy high voltages needed have usually 
posed reliability problems. And CRTs are bulky even 
without the packaging needed to ensure their survival. 

Radar data processors have been the reliability 
downfall of many systems. The ever increasing 
computer power available from single chip processors 
will simpllfy the design challenge and perhaps some of 
the performance increase can be dedicated to redundant 
processing. 

New avionic mechanical packaging techniques are 
evolving to simplify on-aircraft repair and improve 
avionic structural integrity. Avionic connectors 
continue to be a vexing problem. With the ever 
increasing density of pin connections, an electrical 
answer may not be possible. Perhaps increased use of 
multiplexed fiber optics will prove to be an answer. 

Aircraft engine reliability has increased drastically 
over the past two decades. Noticeable improvement 
resulted from electronic fuel controls replacing the 
electromechanical nightmares of days past. Advances 
in avionics will mean further improvement in fuel 
control function reliability. Materials sciences 
advances have also contributed to rotating machimy 
durability and more such advances are approaching 
maturity. Ceramics and metal matrix composites may 
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APPENDIX A 
RELIABILlTY AND MAINTAINABILlTY DATA COLLECTION ELEMENTS 

This appendix discusses the different elements of data 
needed from maintenance performed on the equipment 
being tested. Figure A1 is the standard form used by 
the U.S. Air Force Systems Command. This form is 
completed for all work, scheduled and unscheduled, 
performed on the test aircraft. The form is similar to 
those used in reguIarfleet sewice, but asks for the more 
detailed data needed in a test environment. Not all of 
the information on Figure A1 is essential to an R&M 
test program. Where suchentries areunique to the US.  
Air Force, they are not discussed in this appendix. 
Figure A2 is a redrawn and translated version of the 
form used by the U.S.S.R. for data collection during 
fleet service. The similarities are interesting to note. 

ER T s b k  A on F U  - The 
control number is a means of linking all related 
maintenance actions into a single event. All actions 
caused by a single failure or flight discrepancy have a 
single control number. With this number, all related 
actions, on the aircraft or at a shop, depot orvendor can 
berelated. FormuchoftheUS. military,this ninedigit 
is called ajob control number. The first two digits (e.g. 
92) are the decade and year. The next three digits (e.g. 
185) are the Julian date that the problem was 
discovered. The final four digits are assigned 
sequentially beginningwith0001 forthefmtjob ofthe 
day. Once originated, this number is assigned to all 
subsequent related work, regardless of when the wok 
is done. When prefixed with a unique base or location 
code, the job control number uniquely identifies a 
single job within the U.S. military. 

ck 4 o n F w  - The type of 
aircraft or munition (e.g. F-15E, GBU-15) being 
maintained. Called the Model-Design-Series by the 
U S  Military, this element simply names the vehicle. 

lock 5 on FI~ULAL) - The 
For serial number of the item being maintained. 

aircraft, the tail number is often used. 

CENTEL@lock 3 onFigu&d) - The 
organization responsible for the maintenance being 
recorded. Shows whether the work was on-aircraft, 
shop or depot. Can also be used to show whichvendor 
is repairing equipment. 

lock 6 on F i g u u U )  - The 
measure of equipment usage or accumulated stress. 
Flight hours for aircraft for example. Normally 
rounded to the nearest whole number. 

WHEN DISCOVERED DATEEIME (Block 7 on 
Figure Al) - The date and time that the failure was 
discovered. Not used for scheduled maintenance or 
servicing type actions. Used as a cross check on the 
Julian date component of the control number and to 
calculate times between failures. 

(Block 8 on F ipure AD - Date the 
maintenance recorded was actually done (as opposed 
to the date failure occurred). Used to calculate 
maintenance expenditures per calendar period and 
elapsed time out of service statistics. 

EQUIPMENT C L A W j 3 b k  9 0 n F i - m -  part of 
work order number) - A code showing if item being 
repaired is aircraft, munition, suppott equipment, etc. 

TyEE MAINTENANCE (Block 9 on F g u A l -  part 
of work order number) - A code showing if 
maintenance was servicing, inspection, repair, etc.). 
Used to calculate statistics for different types of 
maintenance. 

DISCOVERED CODE (B lock 11 On Figure a- A code showing when the failure was found (not 
used for scheduled maintenance) such as preflight, 
in-flight, etc.) Used to classify seventy of failure. 

OSITION NUMB ER CBlock 12 o n Figre  
AL) - A number showing which individual is being 
maintained whentk equipment has more than one like 
item installed. Used to identify failure trends as a 
function of equipment location, 

ACTIVITY IDENTIFICATION (Block 13 on Figure 
Al) - A code showing the geographic location where 
maintenance is being pedormed. When combined 
with the control number, a military wide unique 
number is formed. 

MANUFACTURER (Block 14 on Figure Al) - The 
manufacturer of the equipment being repaired. Used 
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23 

~~ 

F A I L E D  ITEM 
1 4  MIINYFIICTURER /I. W " N .  $6. nem' NUMBErl  , I ,  TIME,EICLEI/N>LE* ,B nAe7 N Y N S E I  

E"NE TrPEjmooELjsEa,Es MOD 

00093  Low Voltage PIS 5600001  717538- 1 

74NDO c]i 8 4 2  5960  
,e. won< UNIT CODE 10. 5"MBOL 21. "UW MAL * I .  FEDErlAL SYPPL" c-55 2s. za. 

I N S T A L L E D  ITEM 

ENGlNE TrPEjmoDELjsEnlEI MOD 30 
Low Voltage PIS 

0. SUWLI D O C U M E M  NUMBER (lsw or D m n n d )  

40 

Figure A1 AFSC FORM 258 

P I .  5 E l l A L  NYMBErl 18. TIME/C"CLE*/M,LES IS. PART NYMBErl 

717538- 11 56000028 

Power Supply has no output. 
m. DEBERCPTION OF D14CSEPANC" OR MAIMEN*NCE REOYIRED 

58 

60 

61 

.a. TO N"MBS* 6,. TO DATE M. 70 PR0CEDYR)E 43. rooLsjaan I. EOerlEEIED SY 
f D u j ~ , M o ~ Y r j  

w. CORXEST,YE ACTION 

Power Supply removed and replaced with later version. Pod operates 
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Figure A2 U.S.S.R. Aircraft Maintenance Record 
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to identfy problems unique to different equipment 
makers. 

NOUNfBlock 15onFigureAII-Thenameofthepart 
being removed or repaired. The name is taken from a 
manual with standard names. 

SERIAL NUMBER Block 16 Qn Figure Al l  - The 
serial number of the unit being repaired or replaced. 
This number is essential to finding "bad actor" units. 

TIMEKYCLESMILES (Block 17 on Figure Al l  - 
The measure of stress on the unit being repaired or 
replaced. This accumulated stress measure is taken 
from self-contamed elapsed time counters. 

PARTNUMBERfBlock 18onFiureAll_-Anumber 
assigned by the manufacturer. This number is theonly 
way to tell the version of a part. During development 
programs, pads are often improved many times and the 
part number changes with each equipment change. For 
example, the initial version might be numbered 
191238. The% the first change would be 191238-1. 
Other number schemes arc used, but mostly, the higher 
the "dash number'' the later the version The number 
of the part being repaired is essential for analyzing 
failurc modes. 

WORK UNIT CODE (Block 19 on Figure All - The 
Work Unit Code is a "hardware address" used by the 
U.S. Navy and Air Force to hierarchically define the 
the equipment. For example, the radio navigation 
system might be coded as 71000. The system could 
contain several functional capabilities suchas TACAN 
and ILS. Then, the TACAN would be coded 71AMl 
and the ILS 71B00. Continuing the example, the 
TACAN receivedtransmitter line replaceable 
unit(LRU) would be coded 71AA0, the TACAN 
control panel 71ABO and the antenna 71ACO. 
Finishing the example, the modules within the 
receivedtransmitter (shop replaceable units - SRUs) 
would be coded 71AAA, 71AAB and so forth. 

This identification scheme is necessary because part 
numbers change too frequently and are to complex to 
be useful. U.S. MilitaIy Specifcation 387696 A 
Manual, Technical, Work Unit Code contains more 
details. 

SYMF'TQM/MALFUNCTION CODE (Block 20 on 
Figure A 1) - The code is a numeric code to indicate the 
symptom of the equipment initially and, when the 

failure is understood, to indicate the failure mode 
among a class of possible modes. This code is used for 
computer processing. 

Several classes of codes are used. The first class 
consists of codes that describe inherent failures. 
Inherent failures are those failures caused by an 
inherent defect in the failed part. 

The second class lists induced failure modes. That is, 
those failures where the defect was not inherent in the 
the failed part. Examples include secondary failures, 
maintenance error and weather damage. 

A third class includes the "nodefect" failure. This 
occurs when a observed performance anomaly cannot 
be traced to a broken part and the symptom disappears. 

A final list of codes is termed "product improvement". 
These codes are used when the maintenance work is 
not being done to repair a failure, but rather to improve 
the equipment. Modifications are the common 
example. 

-1 - 
This code shows the use and accuracy of the aircraft 
built-in-test for the maintenance being recorded. The 
code contains two characters to show how faults where 
identified and isolated. Codes used on the C-17 test 
program are: 

1. BIT detected a malfunction when one 
existed. 

2. BIT failed to detect a malfunction when one 
existed. 

3. BIT correctly isolated to the failed line 
replaceable unit (LRU). 

4. BIT did not isolate to the failed LRU. 

a BIT assisted but technical data and 
suppolt equipment where needed. 

b. Technical data andor suppod equipment 
where only method. 

c. Procedures did not work. 

5 .  BIT indicated a malfunction where none 
existed. (False Alarm) 
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remove and replace,clean, and troubleshoot. A typical 
maintenance actionwill consist of severalofthese. For 
example, the frst  action might be troubleshooting. 
When the fault is isolated, a remove and replace action 
would follow. Finally, a system test would verify the 
effectiveness of the repair. 

co -1 - 
This is a most impoltant data element for the R&M 
engineer. A complete and accurate description of the 
maintenance performed is essential to understand the 
work needed to correct the fault. This description 
should vaq  in type as the work is done at different 
echelons of repair, For example, the on aircraft work 
should describe the method of fault isolation and the 
action needed to eliminate the fault. The retest done to 
verify the repair should also discuss any abnormalities 
encountered. 

When a LRU is repaired, the shop performing the work 
should describe any tests performed, shop replaceable 
units (SRUs) replaced, the repairverificationeffort and 
anomalies encountered. 

When a shop replaceable unit is repaired, the repair 
effort must include considerable detail as to the cause 
of the failure in addition to the repair actions taken. 
Many times, the technicians can add invaluable detail 
whichwill helpunderstandthe rootcauseofthefailure. 
For example, technicians should note any physical 
damage present before attempting repair. In some 
cases, the R&M engineer should participate in this 
inspection. Documentation such as photographs can 
be helpful. Some damage symptoms such as overheat 
damage are vital to determining the cause and such 
evidence must be preselved. Highly skilled technicians 
are needed to perform theses autopsies without 
inducing additional damage or destroying evidence. 
Failed pruts with no extemal damage symptoms must 
be carefully preserved in order that a detailed physics 
of failure analysis can be performed in the proper 
laboratory environment. 

All resulting information should be entered as 
corrective action. Further, when a change or fix is 
developed to prevent failure recurrence, the details and 
implementation should also be noted. 

INSTALLED ITEM INFORMATION Blocks 25 to 
29 onFimre AI) -Installed item informationis needed 
when an LRU is c h g e d .  The data needed are 
identical in nature to that necessaq for the equipment 
being removed or repaired. 

DESCRIPTION OF DISCREPANCY Block 30 on 
Firmre Al) - The fault description is one of the more 
critical data elements. Other codes and elements can be 
corrected if the narrative is accmte and complete. For 
inflight discoveredfaults, the aircrew mustbe carefully 
questioned to get all ofthe details recorded. The details 
are important to ease the maintenance task of finding 
the problem and important to the reliability engineerto 
understand the problem and the impact 

SPECIALTY CODE (Block titled AFSC on Fignre 
& - This code describes the specialty of the 
maintenance technician performing the work. Engine 
repair, avionics technician and sheet metal specialist 
are examples of the different types of maintenance 
personnel. This information is used to calculate the 
number of the different types of maintenance 
specialists needed for a mature aircraft. 

START/STOP TIMES (Blocks 32/33 and 35/36 on 
Fieure AI) - These are the clock times when 
maintenance work was initiated and terminated. These 
times, together with the maintenance crew size, yield 
the man-hours needed for a specific repair task. 

C ! w e  Al l  - The 
number of maintenance personnel working. 

DELAY CODE (Blocks 34 and 35 on Figure Al)  - 
Although not an essential data element, the reason for 
maintenance delays can be helpful in analyzing 
maintenance tasks. 

UNITS (Block 40 on Figure Al) - A code to show 
whether the work is complete after this action is 
finished. This is necessary because some repair tasks 
continue over several days and more rarely, several 
weeks. 

ACTION TAKEN CODE (Block 41 on Firmre - Al) - 
This en@ is a code showing the type of repair 
accomplished. Typical codes represent actions such as 
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APPENDIX B 
JOINT RELIABILITY AND MAINTAINABILITY EVALUATION TEAM (JRMET) CHARTER 

1.0 Putpose - To collect and evaluate R&M data in 
accordance with the Test and Evaluation Master Plan. 

2.0 Scope - The JRMET will establish and implement 
procedures for the collection and evaluation of R&M 
data from flight test operations or other mutually 
agreeable sources as appropriate. The JRMET will also 
identify and document R&M problems along with 
corresponding corrective action. 

3.0 Organization - The JRMET will consist of 
designated representatives from Program Office, Test 
Organization, Material Command, Using Command 
and the Contractors. Representation from 
subcontractors and Government Furnished Equipment 
suppliers will be on an as required basis. The Program 
Office representative will serve as chairman and have 
final authority should conflict exist on contractual 
issues. The JRMET will be supported by government 
and contractor personnel to obsewe operations; keep 
records; and collect, edit, and analyze data. 

4.0 JRMET Responsibilities: 

a. Determine R&M data collection 
requirements during the flight test program. 

b. Ensure incorporation of the data collection 
requirements into test plans/procedures. 

c. Determine the source and extent of ancillary 
data to be used to supplement data gathered during 
the flight test effort. 

d. Ensure the implementation of a responsive 
R&M data collecting, processing and analyzing 
system. 

e.  Ensure the availability of data products 
needed for assessment. 

f. Identify R&M problem areas 

g. Ensure e x c h g e  of data among appropriate 
organizations. 

h. Validate, assess and classlfy R&M data 
collected, in accordance with approved test plans. 

i. Rule on other issues, as necessary, that are 
not covered by applicable specifications/agreements. 

j. Discuss and assess the impact of R&M 
problem areas on support equipment, training, 
technical manuals, maintenance,and operational 
procedures. 

k. Document corrective action, either planned 
or implemented, to correct any R&M difficulties. 

1. Establish methodology for accounting for 
configuration differences among test aircraft and 
procedures for relating such differences to the 
intended configuration. 

m. Ensure classification and tracking of mission 
essential subsystem critical failures. 

n. Ensure that a methodology for factoring 
ground operating hours vs. flying hours is 
established. 

4.1 JRMETProgram Office Management - The 
Program OEce R&Mengineer will be responsible for: 

a. Coordination for JRMET activities 

b. Convening and chairing JRMET meetings 

c. Preparation of JRMET minutes and 
assignment of action items. 

d. Serving as a focal point for communications 
with the contractors. 

e. Serve as a focal point for reportsldata 
requests and distribution 

4.2 JRMETmest Organization Support - The test 
director will have overall responsibility for the Test 
Organization effort during the evaluation. The test 
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organization representative on the JRMET will be 
responsible for the R&M coordination at test site. A 
JRMET support team will be established assist the test 
organization representative in his responsibilities, 
which will include: 

a. Maintaining suweillance over maintenance 
and inspections. 

b. Providing failure analysis on selected 
nonrepairables for which the contractor is not 
responsible. 

c. Obtaining failure documentation from 
govemment or contractor personnel. 

d. Obtaining follow-up detailed failure analysis 
from contractors’ and maintenance depots. 

e. Obtaining debriefing data from each test 
flight. 

f. Insuring that the team’s technical documents 
are kept current. 

g. Calculating R&M statistics and performing 
other analyses required by the JRMET. 

h. Processing mission, failure and maintenance 
data 

i. Preparing and submitting status 
documentation. 

j .  Preparing R&M reports. 

4.3 JRMET/Contractor Suppolt -The contractors will 
have access to and/or be provided with the R&M data 
collected during the evaluation. These data will be 
made available through a test control, records, and data 
center established and operated by the test 
organization. The contractor will be responsible for: 

a. Supporting JRMET activities. 

b. Providing R&M data for all contractor 
performed maintenance occurring at the test site; and 
for those maintenance actions at the contractors 
facilities to the extent necessary to support the 
program. 

c. Providing ancillaty R&M data as required by 
the JRMET. These data will include historical data 
for existing equipment as well as predictiodestimates 
for new or modified hardware. 

d. Providing detailed analysis of failures 
occumng in the flight test program as appropriate. 

e. Supporting R&M analyses and data 
evaluation 

5.0 Authority - The authority for establishing the 
JRMET activity is contained in AFR 800- 18, dated 15 
Jun 82 (The goveming R&M dimtive for the U.S. Air 
Force). 
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