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ABSTRACT

The purpose of this study was to provide insight into Reliability Worth through
quantifying the relative values of reliability activities and their impact on life cycle
costs. This study is based on APQ-120 and APQ-113, -114, and -144 Radar reliability
data, spanning only a specific time period of their development, and therefore the find-
ings presented are limited to the equipment configurations included in the data base and
the specific time period studied. In-service reported reliability performance data was
analyzed for both radar families, the objective ceing to correlate differences in relia-
bility performance with the equipment reliability requirements and programs structured,
Reliability program elements instrumental to the development effort are analyzed to de-
termine relative worth. Considerable emphasis is placed on reliability evaluation test-
ing, parts screening, and equipment buru-in which are identified as major contributors
towards achieving demanding equipment reliability performance.

This report finds that optimaum maturity of radars, prior to deployment, requires
extensive and well-directed developmant effort as an investment measured in cost and
time.

The report also recognizes and supports the importance of uncompromising con-
tractual incorporation of MIL-STD-781 at applicable airborne stress levels as the prin-
cipal driving force in establishing and executing effective reliability development effort.

Based on the experience of the equipments studied, it is concluded that timely,
sufficient and properly directed reliability program investment can produce significant
cost savings leverage when compared against the projected equipment life eycle nwain-
tenance costs for unreliable equipment.

Recommendations are provided, based on conclusions derived from study fhdings,

relative to reliability contracting practices, prerelease disciplines and testing programs,
specifically applicabie to high performance aircraft avioaics equipments.,

ii/iv
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SECTION |
REPORT INTRODUCTION

A. MANAGEMENT OVERVIEW

This report is a Reliability Study of the APQ-113, -114, -120, and -144 Radars.
Comparisons of their reliability requirements, programs, and results provide the basis
for the analysis developed of the effectiveness and value of the reliability disciplines
applied.

The radars studied were conceived and constructed during the 1960s for use on
high performance aircraft and are similar in functional capability, parts count complex-
ity, and acquisition cost. o

This report concludes from comparisons made between the high performance air-
craft radar programs studied that the differences in results attained, both in reliability
test and field reliability performance, can be partially attributed tu differences in con-
tract reliability requirements and the resultant contractor's reliability program. This
is particularly applicable for the MTBF and reliability test requirements.

It is reasoned that demanding, achievable, and measurable contract reliability re-
quirements contribute substantially to optimized reliability achievement by dictating de-
sign disciplines effective in controlling equipment parts count complexity, material
quality level selected, and parts application stress levels.

The selection and specification of reliability test requirements is also considered
particularly important, in that dynamically structured reliability growth testing pro-
grams are necessary in providing the means to achieve the equipment's inherent relia-
bility capability. This is shown to be the case for new radar designs where the initial
equipment test performance was only approximately 10 percent of the predicted or in-
herent MTBF capability., The analysis provided in this report attributes this constrained
initial reliability performance to subtle design, quality, and material problems, which
are found to occur in approximately equal proportion (1/3, 1/3, 1/3). While these de-
fects can and must be minimized by the emphasis given in pre-release design efforts,
equipment testing must be performed to identify residual defects.

The report attributes the disparity existing botween measured test and field MTBF
to factors such as time base, failure definition and accounting, and stress level differ-
ences, Reconciling these differences and apportioning the effects of these factors is im-
portant, primarily so that the effectiveness of reliability test programs can be evaluated
and improved.

The test measurement is found to be more precise than the field, in the ureas of
the readily identiftable factors such as time base and failure definition and accounting
due to the advantage of the test being conducted under standirdized controlled conditions.
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However, the test results may not be a useful indicator of field reliability perform-
ance, regardless of measurement precision, if the stresses of the test program do not
encompass those to be encountered in the field environment. For this reason, the re-
port recommends using only MIL-STD-781, at appropriate test levels, and permitting no
deviations unless the field application is more severe. In conjunction with this recom-
mendation, considerable report emphasis is placed on timely reliability testing to take
advantage of the opportunity to identify and correct problems early in the equipment de-
velopment cycle, thereby minimizing or precluding deployment of unreliable equipment.
Field data presented lends support to this recommendation in that it indicates that the
reliability of the equipment studied did not grow, once field deployed.

The report describes a General Electric Company developed muthodology entitled
Reliability Planning and Management (RPM), useful in determining the test hours re-
quired during development to achieve a given test MTBF based on initial equipment capa-
bility and the rate of MTBF growth alpha (@), Bnased on RPM's fundamental premise
that reliability growth in this context is real anc projectable, a provision is included for
monitoring of equipment reliability growth perfcrmance versus plan during the program
testing phase.

In addition, RPM enables evaluation of tradeoffs by both contractor and buyer in
pregram planning encompassing the acceptability of the initial design, design margin,
number of equipments to be placed on test, facilities, test time, calendar time, and
program cost, beyond the minimum requirements of MIL~STD-T781.

An analytical derivation of the factors influencing and limiting the rate of reliabil-
ity growth alpha (&) is provided. This analysis shows that alpha is influenced primarily
by the systematic and permanent removal of failure mechanisms through identifying de-
fects and taking corrective actinn, the rate and efficiency of failure removal, and the
distribution of system failure mechanisms., Maximum reliability growth rate is shown
to ¢ ur when a reliability test program is structured to detect and remove every sys-
tematic failure source (alpha = 0.6).

The report provides a mathematical model relating the cost factor variables asso-
ciated with reliability growth testing with selected factors impacting equipment life cycle
meintenance costs. The model developed has been generalized in a computer program
capable of evaluating optimum reliability test investment, dimensioning MTBF gouls,
estimating test schedules and testing the sensitivity of the chosen reliability factors {or
a variety of conditions, The approach presented provides the opportunity for making ob-
jective cost analysis tradeoff decisions regarding the effective amount of reliability
growth test investment within the context and limits of stated simplifying assumptions.

The report concludes that the cost just to maintain unreliable equipment over its
planned life cycle can far exceed the initial procurement costs associated with the reli-
ability growth test program advocated herein. In an example provided utilizing data
representative of the APQ-113 procurement history, the additional investment in relin-
bility growth testing is shown to have a favorable cost savings leverage of approximately
50:1 (maintenance savings : reliability growth test investment),

The report dimensjons the total reliability development program investment in-
cluding all the prerequisite MIL-STD-T785 eloments necessary to produce these results
as approximately 20 percent of an RDT&E Program based on the APQ-113 reliability
program described. Other cost analyses provided show that the APQ-113 decisions to
use hi-rel electronic parts, and to 100 percent precondition assemblies by temperature
cycling, were also cost effective.
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This report reinforces and amplifies the rapidly growing volume of evidence that
reliability investment properly directed does produce significa- t cost saving dividends.
Also, it emphasizes the merits of the Air Force reliability policy, thus encouraging its
extended implementation.

B. SUMMARY OF REPORT SECTIONS

Section I provides a management overview of this report and contains summaries
of key report findings, conclusions, and recommendations. Also included is essential
background material covering the programs and products studied, as well as the data
utilized and its sources,

Section II presents the development of the Reliability Planning and Management
(RPM) methodology, an analytical derivation of reliability growth rate, and cost model-
ing dimensioning reliability program investments and assessing the effectiveness of re-
liability growth testing, and parts and product screening.

Section I describes the reliability program elements, disciplines, and neéults
during the RDT&E and production contract phases for the radars studied.

Section IV discusses and compares the radar reliability test programs conducted
and their results, )

Section V describes the relationships between the specified radar environmental
test requirements and conditions, as compared to the test stress levels applied and the
field environments encountered.

Section VI analyzes Air Force reported radar field performance based on 66-1
data covering the time period of December 1970 through November 1971. Some addi-
tional insight is provided based on reported experiences of the airframe contractors
involved,

Section VII contains the study c'ontmctor's recommendations for improvements to
reliability contract documentation and practices specifically applicable to complex high
performance aircraft avionics.

C. SUMMARY OF REPORT FINDINGS

NOTE: The findings presented herein relate to high performance aircraft
avionics, are based on the data available, and are limited to the
equipment configurations included in the data base and their de-
velopment status at that time.

1.  RELIABILITY DISCIPLINES AND VALUES

¢ Reliability growth can be real and projectable under specified conditions
between well-defined practical and theoretical limits,
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The analytical derivation of reliability growth (&) has shown that the
underlying mechanisms which influence at are:

¢ Distribution of failure mechanisms
® Detection of failure mechanisms
® Rate of failure removal

With a uniform distribution of failure mechanisms, a maximum
reliability growth rate (o) of 0.6 can be achieved,

Investment in reliability growth testing to achieve the APQ-113 re-
liability objectives is shown herein to provide life cycle maintenance
savings as high as 50:1 (savings to test investment) when compared

to projected mainfenance cost if the test investment had not been made.

APQ-113 experience demonstrates that reliability predictions using
credible part failure rates are achievable in equipment performance
when reliability growth programs are planned and executed,

Design inheritance is shown to be a factor in off-the-buard reliability
performance.

APQ-113 Hi-Rel (screened) parts improved part failure rate by a factor
of 10:1 and observed field reliability by no less than 4,

APQ-113 Parts Screening aund Product Screening to prescribed conditions
were cost- and reliability-effective. Parts Screening cost effectiveness

15 shown herein to be 2:1 (savings : cost). Product Screening cost effec-
tiveness is shown herein to be 4:1 (savings : cost),

Field maintominee cost per radar for the APQ-120 equipment configu-
rations studied is roported to be approximately three times higher than
the APQ-113, -114, -144, (AFLC Report K051 (10-71))

RELIABILITY PROGRAM ANALYSIS

APQ-113 environmentat product Screening was effective in precipitating
an additional amount of failures equal to all factory ambient tests com-
bined, reducing platform fmlures by a factor of {ive.

The APQ-120 und A PQ-113 had significantly different factory test flow
plans. Particularly, equipment envirohmental tost sereens were ap-
plied to the APQ-113.

APQ-113 workmunship-induced failures were practically all removed
by product environmental screening before the equipment 109 the factory.
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3. PRODUCT ASSURANCE TEST PROGRAMS AND ENVIRONMENTAL CONDITIONS
ANALYSES

¢ Initial APQ-113 R demonstration MTBF was 10% of predicted, con-
. strained by problems which were one-third design, one-third workman-
ship, and one-third parts, Reliability growth testing was needed to pro-
gress from this 10% to compliant MTBF.

® Differences in MTBF between field and factory are attributed in part to
differences in environmental profiles. APQ-113/114/144 are exposed in
flight to cooling air and vibration conditions markedly different from fac-
tory environmental qualification and RQT.

® Twice as many failures were observed at low temperature as high tem-
perature during RQT.

4. FIELD PERFORMANCE ANALYSIS
® F-111 radars (APQ-113/114) exhibited a 2.5 to 4.0 times higher field R

rate than the F-4E (APQ-120) as reported June-Nov. 1971 (RCS 6 LOG
K261).
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® The F-111 aircraft avionics equipments exhibit an average R rate equal
to 20% of factory demonstrated MTBF. Similar patterns are observed
for avionics equipments aboard other high performance aircraft (F-4D,
FP-4E, A-TE). The APQ-120 R rate is 200% of its demonstrated MTBF,

® Differences between field R rate and factory demonstrated MTBF are
explained in retrospect for the equipments studied through factors
. accounting for dissimilarity of environmental profiles between RQT
) and flight, [light hours versus ON-hours, and diagnostic capabilitics.

o Field data shows no reliability growth on APQ-113/114 and APQ-120
during the five years of {ield deployment.

® Reliability predictions reflecting failure rates consistent with the qual-
ity of material are a good indicator of product performance,

® Electrical, Blectronic and Electromechanical (EEE} part fatlure rates
{Replacement Rates) at platform and field were lower by approximately
one order of magnitude o APQ-113/114 than on APQ-120, which is at-
tributed to differences in program parts screening.

® The 15:1 estimated lower cost of failures at platform, for the APQ-
113/114 versus the APQ-120, is attributed to the factory environmen-
tal preconditioning of the APQ-113/114.
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D. SUMMARY OF REPORT CONCLUSIONS

NOTE: The conclusions as presented herein relate to high performance air-
craft avionics as they are based on the findings for the equipments
studied, but have been generalized in the belief that broader appli-
cation is merited.

1. PRERELEASE RELIABILITY PROGRAM

® Challenging but achievable reliability specifications should be derived
based on required equipment functional capzbility and also considering
optimization of RDT&E reliability program investment with projected
life cycle maintenance costs,

o Demanding reliability requirements are essential to optimize equipment
reliability capability, constrain design complexity, necessitate selection
of high quality parts, and discipline parts application.

& Meaningful and demanding equipment reliability performance can be
achieved and demonstrated as part of RDT&E programs, if contractu-
ally specified as requirements, and uncompromisingly enforced.

® Anmalytical prodictions of demanding reliability performance are achieve-
able, using credible part failure rates, and dynamically structured reli-
ability growth testing programs.

2. PRODUCTION RELIABILITY PROGRAM

® Equipment Design Maturity/Stability - New product designs should nat be
released for volume mamufacture until reliability qualification testing bas
certified that the equipment meets its specified reliability requirenent,

o Production Test Program Structure - ‘Liie manufactoring test program
structure estahiishes the offectiveness of product sereening and the qual-
ity lovel of the product deliverad; therefore, the minimum production
program test structure for complex avionics products utilized in high
performance airerall eavironments should be coutracteally specified and
agproved,

o Problam tdeatification ami Solution

0 Kelability programs must be structurod to provide four the Umely
dentification asd eliminution of all design, material, and workman-
ship pattern problems in crder to achiove maximoam ate of equip-
fment reliability growth,

® Measurement of cquipinent reliability uSing vnanalyzed failed part
data will be blasad unrcalistically low tased on APQ-113 factory
experience revealing thal typically 30 percent of factory test report-
od part Gaiiures, when analysed, cannet be verified 25 failed parts,




® Part failure analysis needs to be maintained throughout a production
manufacturing program because of subtle design and process changes
as well as lot-to-lot quality variation problems, continuously intro-
duced by part suppliers,

@ Existing electrical pirt screens need to be improved as typically 35
percent of the equipinent test level verified failures of screened ma-
terial had assignable causes attributable to supplier resporsibility.

3. RELIABILITY TRADEOFF DECISIONS

Equipment complexity needs to be contractually limited, consistent with
functin 11 capability, to preclude parts count escalation and its attendant
negative impact on reliability performance and life cycle maintenance
CoStS,

One hundrad percent piiis screening is necessary to meet demanding
reliability requirements and provide effective control of the quality of
purchased parts,

Complex electronic products having demanding reliability requirements
and high performance aircraft applications must be 100 percent screened,
during manufacture, in the most severe ewd use environment but no less
than MIL-STD-781 requirements.

Subcontracted items must be subjected to the same reliability require-
ments and disciplines applied to the prime cquipment and envircament-
ally qualified as end itews.

4.  QUALIFICATION TEST

Eavironmental and Reliability Qualification test requirements should be
considered as aa inlegnaten product qualification test reguirement.

Equipment cant be considersd quatified and should 2k be committed o
volume production until both envirohmental and reliability qualifscation
tests 2re successfully compietad. :

Tite twst be structured i RDTEY g ograms for Rellablity Growth
Tosling.

Reliability Acceplance Testing of the praduction sguipment paxxlaticn i3
aeceded for assuring the gualifiad reliability level is sustuined Luwoeghoul
productiva.

Reliabili: Qualiftcation tost acceplance plan oriterl neod to be stmpli-
fied. The variety of confidence limits, Mvasurad, specificd and demun-
strated values create uanecassary confusion.

-)
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5. ENVIRONMENTAL

@ The scope of reliability test stresses should approach worst case design

limits with performance measurements made at high, low and room tem-
pera.are. ‘

¢ The minimum reliability test environmental levels should be established

based on the most severe equipment use conditions - but in no event be-
low MIL-STD-781 requirements.

o To minimize differences in factory to field environmental profiles, ran-

dom spectrum vibration should be introduced into environmental qualifi-
cation testing,

6. FIELD AND PLATFORM

® Avionics equipment fie': -eliability performance will be improved by
factors of 4 to 10 if prerelease and production practices of reliability
growth testing anc. parts and product screening are implemented,

@ Significant equipulent reliability growth is practical only via factory
reliability test programs because, once equipments are field deployed,
problem identification and correction become increasingly difficult,
more costly and less timely.

o Reliability test measured MTBF and field reported R rate (66-1 MTBF)
differences can be explained through retrospect data analysis for the
specific equipment by establishing common baselines of environmental
conditions, time measurements and failure verification.

® The problem of field failure verification could be reduced through im-
proved design maintainability, increased 3ITE c.pability and environ-
mental troubleshooting facilities at the Base Maintenance and Depot
shop levels,

@ Material quality consistent with TX, ER or MIL-M-38510 will maximize
performance and minimize costs, Substitution of lower grade material
in field repairs suaould be prohibited,

E. PROCUREMENT CONSIDERATIONS SUMMARY

1.  RELIABILITY CONTRAC I'ING POLICY

}
[
i
3 i
i
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¢ Inture that MIL-STD-T85 is imposed on Avionics contracts.

® CElevate the stature of veliubility requirements in the overall program
context sothat tradeoffs will at a minimum be on a par with other per-
formance regquiremonts,
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& Instill the fear of failure to meet contractual reliability requirements on
both sides -- the contractur and the government program manager,

RELIABILITY CONTRACTING PRACTICES
® Realistically establish and dimension the reliability requirements,
€ Provide for reliability growth programs,

o Objeciively evaluate the contractor's ability to comply.

DEVELOPMENT CONTRACT PENALTIES

@ Test and corrective action continuance until the reliability requirements
are achieved,

@ Production authorization wihheld until the reliability requirements are
achieved,

® (orrection of deficiencies in delivered hardware,

® Extouded contractor in-service warranties.

PELIABILITY CONTRACTING DOCUMINTATION
¢ Modify MIL-8TD-765 Lo incorporate R growth concepts during development.
® Establish a training hanabook for planning auad contral of reliabilily growth.

PRE-PROCUREMENT
¢ Establish reliabil:ty growth plarning and mcasurement dinlogue between
procuremant and contractor management, initially utilizing the RPM
parameters of this study. Encourage modification and tmprovement in
the use of these measurements from experience of on-going programs.

& Incorpo: -te currem Reltability Planning and Managemeut (RPM) «ethad-
ology into pre-procureinent by:

® Advanced planning of reliability requirements in concept stage
Regairing evaluation and pricing of reliability tradeolis
Trading off reliability with other functional requiraments

Structuring reltability growth

s & ¢ 9

Requiring assessmuent of the degree of design inheriiance
Updating and disseminating failure rates at relevant stress levels

l“
;.
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® Building upon RPM parameters of this study -

@ Require contractor and contracting officer to consider overall program .
costs including equipment and field support as a basis for contract award.

F. PROGRAMS AND PRODUCTS

1. INTRODUCTION

This part of the report describes the APQ-120 and APQ-113 series of radar equip-
ments studied, their design inheritance, and functional capabilites, Comparisons are
drawn as to equipment complexity, acquisition and logistics support cost, and reliability
requirements. The primary objective is to establish the base line for the material con-
tent of the balance of this reliability study.

2. DESIGN INHERITANCE

Both radars were conceived and constructed during the 1960's for use on high per-
formance aircraft. The APQ-120 was a repackaged solid state design which evolved
from its tube type predecessors, the APQ-100 and APQ-109, with much of its initial de-
sign being performed on the R&D of the APQ-117. The APQ-120 program through 1971
has spanned seven years, producing an wvalent of 1050 radars. The APQ-113, on the
other hand, was a new design contracted as part of the initial F-111 procurement. Cou-
pled with the APQ-114 and -144 contracts, a total of 560 equivalent radars were designed
and delivered over a nine-year period (Figure 1). Significant differences are observed i
in RDT&E program calendar timeand in production quantities and rates. .
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Figure 1, Dosign Inheritance, APQ-120 and APQ-113
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. 3. COST COMPARISONS

The radar contractor RDT&E programs are nearly identical when considering total

cost aspects (Table I). Additional cost similarities are found in the AFLC K051 report
) for Air Force radar spares acquisition, yet the monthly logistics support cost per APQ-
120 equipment was $746, compared to $299 for the APQ-113, a 2.5 to 1 cost differential.

TABLE 1. COST COMPARISONS

b3 FIIA - Fl FB-11A
APQ-120 APQ-113  APQ-113 APQ-114

ROT&E
CONTRACT VALUE $24.2M SI.TM
EQUI PMENT QUANTITY 9 24
DESIGN & DEVELOPMENT COST TM
COST PER RADAR_
* AIR FORCE SPARES $242.7K $216.8K  $217.8K  $235.3K
ACQUISITION L =3]< v 4
*LOGISTICS SUPPORT 2.
ATRCRAFT QUANTITY 564 118 9 6
MONTHLY COST/RADAR $746 $299 66 $166
— 2.5:1
2.81

45:1

* SOURCE: AFLC REPORT K051 (10-71)
DATA FROM 7-71 THRY 9-71

4 RELJABILITY PROGRAM COMPARISON SUMMARY

The radar equipments are of similar design vintage, functional capability, parts
count complexity, acquisition cost, and application, yet had 15:1 different contractually
specified MTBF reliability requirements which were to be demonstrated in Reliability
Qualification Test. The contracted reliability requirements at 90% lower confidence
level for the APQ-120 was 9 hours Mean Time Between Fallures (MTBF) compared toa
requirement of 134 hours for the APQ-118.

The APQ-120 demonstrated 4.3 hours MTBF or 50% of its requirement while the
APQ-113 exceeded its requirement by 12% with a demonstrated 152-hour MTBF. The
test measured reliability MTBF ratio of 35:1 between the APQ~113 and APQ-120 is at-
tributed to the difference in specified reliability requirements, the resulting reliability
programs structured, and the uncompromised customer enforcement of the APQ-113
requirement.
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e 3 g R
- g iy

11




APQ-113 APQ-120 .

~10, 700 Equipment Complexity - Parts Count 13,500
89% High Reliability Parts Content 24%

134 hr MTBF Required (at 90% LCL) 9 hr

178 hr MTBF Predicted 45 hr (est)
MIL-R~ Reliability Test Specification MIL-STD-
26667A 781A
Level 3 Level E
Not timely Reliability Test Timing Late
~10,000 hr Reliability Evaluation Test Hours 0

152 hr Reliability Demonstrated (at 90% LCL) 4.3 hr
1413 hr Relevant RQT Hours 96 hr
7000 hr Reliability Acceptance Test Hours 0

100% LRU Environmental Screening 0

The reliability requirements and programs for both radars are examined and dis-
cussed in further detail within the body of this report. The greater reliability challenge
presented by the APQ-113 MTBF requirement is given e¢redit for many of the differences
observed in the design and manufacture of the radars studied. As an introduction to the
Study conducted, a brief description of the equipment is provided,

5. EQUIPMENT CAPABILITY AND DESCRIPTION

FUNCTIONAL CAPABILITY
AIR-TO-AIR AIR -10-GROUND
;]?‘ aE
RADAR jcOMPLEXITY [ NO o sl & =18
FQUIP. {ELECTRICAL | 0f < 8|2 &l [ 2E ).
PARTS nee | 18| 218 slaletz| 1EI51813
wos [ |E[5 elSi% e ]aBE1R]8] [E121812)
— =!lzlglEte(mi8ic18 S1E1X|[Ela
AN ARD SR EIHEHEHHBEME R R EIEI RS
w | s w B 3 |y
1 10, 704 8 -
na W% 5
184 10,58 §

CAPASIITY

Figure 2. Equipment Capublility Comparison

12

2ot e e L e T o e T BT e el sl Tl
L OISR S NN K R Y i y iy




DT TR TR R

E i k
Ay e T A et o oAb

[ R T RPN . . —

Functionally, the APQ-120 is primarily Air-to-Air and the APQ-113 is Air-to-
Ground (Figure 2).

. a. APQ-113 Radar LRUs (Figures 3 and 4)

LRU 1 - The Antenna, utilizing a flexible diaphragm to provide pencil
beam or ground mapping patterns, scans in azimuth either 245 degrees
about the longitudinal axis of the aircraft or 110 degrees about a
movable azimuth cursor. Automatic stabilization in pitch and roll is
accomplished by signals from the bomb/nav equipment, and elevation
positioning within 30 degrees of the horizontal is performed either
manually or by a depression angle signal also provided by the bomb/nav
equipment. Contained within the main antenna is an auxiliary Broad
Beam Antenna for sidelobe cancellation.

LRU 2 - The Pedestal is attached to the most forward bulkhead of the
aircraft and serves primarily as a mounting and roll-stabilized platform
for the antenna assembly and for two antenna-receiver units of the
terrain-following radar (TFR).

LRU 3 - The Antenna Control Unit {ACU) senses and compares antenna
and roll platform position with the bomb/nav equipment command and
pilot command inputs for movement about the four gimbals: azimuth,
pitch, tilt, and roli. If a difference exists between sensed and input
positioning commands, the ACU provides drive power for correction.

LRU 4 - The Receiver-Transmitter-Modulator (RTM or MRT) provides
high voltage for the generation of high power RF energy pulses to be
transmitted at random or set frequencies. The echo signal is then dis-
played on the radar scope within the aircraft. Dhiring :andom frequency
operation, the magretron output sweeps through the frequency band,
which improves the stability of return signals and also provides a
measure of immunity to various jamming frequencies. Sidelobe signals
may be cancelled at the video level.

LRU 5 - The Electrical Synchronizer (Sync) provides timing for the
attack radar, contains the racar's regulated DC power supplies, gen-
erates range marks for the radar scope display, provides automatic
angle tracking of air targets, and supplies range and range rate infor-
matich to the Lead computing optical sight (LCOB) for gun and missile
firing control. It also generates precision range and azimuth cursors;
supplies the receiver with signals for automatic gain control, and dure
ing self-test monitors radar operation for in-flight or flight line mal-
function detection and isolation,

LRU € - The Indicator Recorder (1/R) provides a radar scope display,
tunlng controf, deflection and amylification circuits, and an lntegral
camera. The display is a plan position indicator {PPI). Also contained
within the unit is an integral camera which manually or autematically
pholographs the back of the CRT display.

LRU 7 - The Radar Set Control (RSC) provides power, mode, and
function controls for signals (o be sent to all units of the attack radar.

13
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LRU 8 - The Antenna/Indicator Control, during the Air Mode of oper-

ation, controls antenna tilt; changes antenna scanned sector from wide
to narrow; provides rapid slewing of the range cursor; and positions
azimuth and range cursors fcr navigation, bombing, and target tracking.

LRU 11 - The Electrical Equipment Rack supports the RTM and Synchro-

nizer in the aircraft's forward equipment bay.

Figure 4. F-111, With Radar Exposed

b. APQ-120 Radar LRUs (Figures 5 and 6)

LRU 1 - Target Intercept Computer - Interceptor flight data and target
Information are fed to the intercept computer which determines the in-
terceptor flight path and calculates the permissible launch zones for the
missile. The computer, capable of solving an attack problem and trans-
mitting the results to the display indicator, has as its outputs the inter-
ceptor steering commands, the launch zone signals, and the missile
prelaunch commands.

LRU 2 - The Radio Frequency Amplifier produces and amplifies the {re-
quency-modulated CW, RF energy required to illuminate a target for the
missile guidance equipment.

15




Figure 5. APQ-120, Port Side

LRU 3 -~ The Modulator-Oscillator contains the circuits required by the
missile for prelaunch tuning. It provides both the ranging and amplitude
modulated coding signals and performs the required modulation of the
carrier. Also provided is automatic power leveling of the klystron
power amplifier (KPA) drive signal.

LRU 4 - The Stabilizer Assembly receives and uses aircraft pitch, roll,
and drift information to stabilize antenna drift in air-to-ground mode or
PPI sweep drift in map-PPI modes. The unit also provides space stabil-
ization of the antenna, B-sweep, and PPI-sweep, and generates the hori-
zon line positioning signals that are sent to the indicator control.

LRU 5 - The Radar Transmitter genereates both the pulsed RF energy at
the required pulse width and repetition frequency and the basic timing
signal (radar trigger).

LRU 6 - The Power Supply provides DC power and appropriate switching
action to various parts of the radar set.

LRU 7 - The Antenna Control (Servo assembly) generates signals that
control antenna, B-sweep, and elevation strobe position. It also gener-~
ates the simulated composite angle error signal for BIT 3.

LRU 8 - The Monitor Control contains switches for BIT, meter, stabili-
zatlon control, and VC scale factor selections. Switches for selection of
radar voltages and current to be read on the monitor meter are also

available. Prominently displayed are indicator lights to warn of CORDS

malfunction during either BIT or CORDS operation and of overheating

within the radar set (CORDS capability has been deleted in later equipment,

i6




INTRA TARGET INTRSA?:RGET
DATA INDICATOR — AL
CONTROL
MONITOR

ANTENNA

CONTROL INDICATOR CONTROL

FORWARD RADAR
ASSEMBLY

VINPUT PARTS COMPLEMENT
VOLUME |WEIGHT | POWER [INTEGRATED]  SEMI-
(CUFD | (LB} [(WATTS) | CIRCUITS |CONDUCTORS |TUBES |PASSIVE| TOTAL

- 637 172 2920 28 | 10,437 |13,553

Figure 6. AN/APQ-120 Airborue Fire Control Set
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LRU 9 - The Radar Set Control enables the operator to select power,
mode, and function. An Indicator light indicates when the radar has
attained a skin track condition.

LRU 10 - The Antenna Control containg controls for azimuth positioning,
range strobe, range flag, acquisition symbols, and elevation positioning
of the antenna, It also provides lock-on and target reject capability,
adjustment-of the antenna at boresight for air-to-ground ranging, and
ground adjustment of azimuth and elevation boresight potentiometers for
air-to-ground operations,

LRU 11 - The Indicator Control accepts signals from other units and
assocliated equipment within the radar set and performs the signal re-
shaping and switching required to provide signal voltages and scale
factors for displays on the indicators. It also develops the defiection
and intensity signals for the indicators.

LRU 12 - The Forward Indicator is a combination azimuth-elevation-
range indicator and optical display unit. Airborne intercept, mapping,
and bombing information are displayed on the indicator and, with the
track display, enables the pilot to direct the aircraft on the correct
course for firing air-to-air missiles,

LRU 13 - The Aft Indicator provides the same displays as the forward
indicator, but does not include an optical display unit.

LRU 14 - The Electrical Equipment Rack supports all the components
that make up the radar nose package ard containg a built-in amplifier

assembly to heat the rate gyro assemblies.

LRU 15 - TheCable Assembly connects aircraft wiring from the forward
bulkhead to the radar nose package. At the field shop it connects the
test bench set to the forward radar assembly.

LRU 16 - The Antenna provides for the transmission and reception of
RY pulses and rate position information for computing, angle tracking,
and display. During an attack, antenna movement rate and position
signals are used for computing and displaying aircraft steering informa-
tion and for computing missile launch signals.

LRU 17 - The Electrical Synchronizer develops the basic tracking video
signals for the computer, servo tracking loop, and the indicators. Out-
put voltages are fed to the computer for attack course computation.
Also developed by the synchronizer are the required range gates for
angle tracking, air-to-ground, AGC circuits, and for positioning the
range strobe symbol,

LRU 18 - The Oscillator Control provides a command signal to a servo
amplifTer to run the magnetron tuner assembly.

LRU 18 - The Waveguide Assembly combines the RF output of the radar
transmitter with the output from the CW KPA so that both can apply
power to the antenna. In test operation, the antenna is bypassed and the
RF energy is directed to a dummy load,
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LRU 20 - The Power Supply provides regulated -600 V and +900 V for
the pump tube.

) LRU 21 - Output from the Radio Frequency Oscillator (pulse STALO) is
. used as the radar set frequency reference in the CORDS mode,

LRU 22 - The Fange Indicator provides range and range-rate informa-
tion during visual i%enﬁicaﬁon operation.

¢. Aircraft Installation

The physical placement of the APQ-120 radar LRUs aboard the F-4E aircraft is
shown in Figure 7.

LRU 11 CONTROL, INDICATOR

LRU 2 INDICATOR, RANGE

LRU 10 CONTROL, ANTENNA

LRU 13 INDICATOR, Ny RATARGET DATA (PLOT'S)

LRU 12 INDICATOR, INTRATARGET DATA IAC'S)

BASE, SHOCK MOUNTED ELECTRICAL EQUIPMENT

LRY 2 AMPLIFIER, RADIO FREQUENCY [CW TRANSMITTER

LRU 3 TRANSMITIER, RADAR

LRU 3 MODULATOR-QSCILLATOR {CW ELECTRONICS!
LR 18 CONTROL, OSCILLATOR (RT ELECTRONICS

LRU 21 OSCILLATOR,
RADIO FREQUENCY 1STALD

LRI RACK,

ELECTRICAL £OU\ PAMLENT COMTROL, BAGAR 5T \RS 9

LRU I8 WAVECULIOC y CONTEON, MEUT0K LRy 8
AR UMY Ll 4
UTNTROL, A0TTNNA (30 LRy !
COMMUTER, CARGTY IXICRCLPY I3 )
SINCRROKIZLR, UCTRICR, \RU W

POR(R SUPKY, PUMP TURL (U

STABILIZIR ASSEMALY LI &

ANTORA L8 38

Figure 7. Installation APQ-120
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G. DATA ANALYZED AND PLACES VISITED

This study was conducted in four primary phases - familiarization, data acqui-
sition, analysis, and report.

During the familiarization period, several visits were made to Griffiss Air Force
Base, which, being nearby, afforded early opportunity to become familiar with Ajr
Force reporting and maintenance procedures and the 66-1 data system. Table Il shows
the Air Force Bases and Depots visited for data familiarization and acquisition.

Concurrently, visits were made and data obtained from ASD/SD4E-5 in reference
to the APQ-120 contract phasing, delivery requirements, reliability program and design
requirements. The data obtained is identified in Table III. In parallel, Genera! Electric
acquired and organized the in-house data required for the analysis of the APQ-113 114/
144 radars, during the pre-release and the factoyy cycles. Table IV identifies the data
used.

Platform and field data obtained directly from both prime contractors, Geneval
Dynamics and McDonnell Douglas, via the SPO, and from AFLC, is reflccted in Tubles
1l and IV along with data obtained directly from operational bases and maintenance
depots (WRAMA & OOAMA). Table U identifies locations and functions contacted anc
Tables 1T and 1V the specific data sources. Table V provides generai data applicable
all the radars studied.

TABLE II. FIELD DATA FAMILIARIZATION AND ACQUISITION

- . - — - b i oy =y
NG L Heiyves g ANAR A3 o .
- - - SRS N e . Y
AalnTa D i Talal el To T Tl o Tal: ,Z.I;mlg.}
v !
sitingsy PG AL 051D & Juise )
e A ¥ !
AL WA 3 R VAP sz . H
- = i ¢
; !
[ETE S ST T AR N Tt AV 78
B YA IR A B :
e BRER SB (A raan VN 3
ot i
-l&:.,n . v §
PRINEVIN B33 138 1R R ¥
SN D AP A0ttt & IR iea :
v i
200 AN BAR ED 3
v
[ SHRT.A 20 SE UREY ¥
A - R TN VRIS SR E
v ]
ot VRN A Ny ;
i WHEEEY & SAAY L R ’
W Axm WEIR S, AN (e H
v :
] VKRS S SBURE <E 4 WGy H
T3
T e v
vt g WETTD R WAy
WATNE L P e
e SO WEHLE WA IO 3 i & w2
v
PYOTeN ST REL TN WY
N LR > TR S WP S T
e ks B O I 0l fuN
/S TWS N BT S L
WA W WL ok

20




R T I ET T o S ATy

TABLE I, APQ-120 DATA

RLPORI SOURCE EQUIPMENT & TIME PERIOD
PRERELEASE
SPECIFYCATION CONTROL DRAWING 153-820050) MCOONNALLIDOUGLAS 1PQ-120 tJAN 1968
ENVIRONMENTAL DESIGN REQUIREMENTS 141 MCOONNELL/IDOUSLAS APQ-12 (APR 196D
RELIASILITY ANALYSIS ESTIMATE (4000 WESTINGHOUSE APQ-120 KR 1963)
RELIASILITY QEMONSTRAT'ON TEST WESTINGHOUSE APQ-120 «OCT 1871
wiNAL REPORD :S1A128)
PLATFORM
MAINTERANEE ACTIONS & CARTS PERFORMANCE MCOOKNLL 1 QOUGLAS §4E1APQ-120 (1948 - 1900
SUMMARY
FIELD
PROOUCT IMPROVEMENT ANALYSIS 10030111103} ARINC APQ 10 NAR 1871
MAINTERANCE REPORT (RCS 8 LOG K 281 USAF ARC §-4E/APQ-120
YUK 1971 - 8OV 1D
MAINTERAKRCE ACTIONS IRCS § LOG K 2D USAE ARC FdE/ARQ-120
ROV 19270 - NQV. 1911
MAINTERANCE REPORE USAF ARC F4E LIAN 199 - IR 1%
MONT LY MAINTERRNCE ARALYSIS USEF NEMLIS P4 & P Ry
MEE TAC KID X 1 ik
RELVARILITY REVIEE MEETINGS 2 USAF ASLC WQASO APQ -1 IAPR § $£P 1R
ECPION WESTINGHOU SEMCALR APQ 10 1168 - 971
MATIRIAL PERFORMANCE PACKALE USAF FAOEN ANaA APQID (NAY 1871
o0 PP A
CORFICURAOA L1 ST USAS 19 Tw ARG D UG R
ERCRTASED BILLASE 1Y OF QERATIONA Usae ¢ KL AR RQRCE AtRCAANT QG
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TABLE IV. APQ-113/114/144 DATA

REPORY

SOURCE

£QUIPMENT & TIME PERIOD

i
i
H
!

PRE RELEASE & FACTORY.
TEST REPORTS

SYSTEM 1EST LOGS

ENGNEERING QUAL TEST REPORT

EQUI PMENT SHIF SCHEDULE

MANUFACTURING PLANNING

RECORCS

EQUIVALENT SYSTEN COMPLEXITY

+ACTORS

RELIABILITY TeSTING PROGRAM

PRF-QUAL REY TESTS 122

REL QUAL TEST (REN

PRELIM:NARY & PRESENT CARRY-

ON RELEASILITY PROGRAM

REL. TEST AUALYZE AND FIX

PROGRAM 1TAAR

OERF(HIMANCEDESIGN & PRODUCT

CONFIG'JRATION REQUI REMENTS
1F2¢ - 000036

VENDOR RATING SYSTEM

LRU BRN-IN REPORT SUMaARY
COST MODULES

RELIABILITY ACCEPTANCE TESY
RAT! FINAL REPORT

RELIABILITY PREDICTION REPORT

PLATFORM
QUALITY ASSURANCE DEFICIENCY
REPURIS 10AD 81
PRODUCT STRVICE SUSTOMER
RUPORTS

40
MAINTENANC . REPORT
RCSBLLG R D

MAINIENANTE ACTIONS
IRCS 5 106 K 261

VIBRATION MEASUREMENTS FOR
FITTA WEAPON BAY GUx FIRING
DURING SUSONIC & GROUNG
TES1S 1675 12 100

VIBRATION MEASUREAEN!S DURING
WEAPON HAY GUN 1URING SUBSONIC
AND SUPLRSURIC RAGHY

(ACC ¥ 2N 32 0w

VIBRATION & ACE USTIC
MEASURIMENTS ONFI11A

CLEAN AIRPEANE INLEVEL

VUIGHY & 4 6% 128 1) 121
MATERIAL STAKTARD sGodah

FQUY PAERY MASTER STOCK NOS
L0210

MONTRUY MAIRIENANCE ARALYS IS
IRCS TAP K% 3008 & 1) 6tk
BASE MATERT AL CONSUMPRIUN
BLIS WPCN NITDOM

SYSTEAL RELEABTLITY RiPORY

RS tOG v MY
CANRIB i/ ADon DATA
ANCREASID St EAREEY )
UPERAHIUNAL ATHTENS 1
SYATINS DU IPAMNTD $% i QREAMTE
DAIA

CATEGUKRY b evAtea uN B AN
FHIA ALKCRAIT 4% g

SEINANIC LARDRATURY

TROPICAL ARCNIIC & wladst
ENYIROSMENEY 1R o '8

GE FAILURE REPORTING SYSTEM

GF MICROFILM FilE

GE DESIGN ENGINEERING

G PROGRAMS OFFICE

GE MANUFACTURING PLANNING
GE RRQA, MFG Ti1, MFG. FINANCL
LECORDY
GE RELIABILITY ENG.L 1D. M, DAVIS)
GE RELIABILITY ENGR (D.M DAVISH
GE RELIABILITY ENGR 1D.M DAVIS)
GE RELIABILITY FNGINELRING

15.6. RILLER
GE RELIABILITY ENGR

GENERA) DYNAMICS

AF R&QA SUPPLIER RATILIG SYSEM

GE REQA DATA SUMMARY
GE COST ESTIMATING
GE REL. ENGR

GE REQA PREDICTION REPORT SYSTEM

GENERAL DYNAMICS INCOAMMNG &
ALRCRAFT FAILURFS

G7 CUSTOMER ENGR (TECH REPY
ATGE- W GENERATED AT SRA Ay

LUSAF ALC

USAF ARLC

GENLRAL BYRAMICS

GERIRAL DYNA'MCS
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[EYERSITER)
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U W Aw
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TABLE V. APQ-120/113/114/144 GENERAL DATA

REPORT SOURCE EQUI PMENT & TIME PERICD
GENERAL PUBLICATIONS
PRODUCT PERFORMANCE USAF AfLC (FEB 1370)
{AFLC 66-15)
TRAINING PRODUCT PERFORMANCE USAF AFLC ARM (JAN 1970}
{PART I, 11 &1ID) (66-1
FORWARDS (LOG K 260, K 261, USAF ARLC {DEC 1971
K 22)
MAINTENANCE DATA/LOGISTICS USAF AFLC (0CT 1963)
MANAGEMENT (ARCP 50-3
WORK UNIT CODE MANUAL (TO} USAF ARLC FI11A, FILIE, FBII] & F4E
{JUL 1971
ILLUSTRATED PARTS BREAKDOWN(TO) |  USAF AFLC FI11A, FIL1E, FBIIL & F4E Q971
LOGISTICS SUPPORT COST USAF AFLC APQ-113/ 114
RANKING (K 05D {JUL 2971 - SEP 1971)
RELIABILITY TESTS: US DoD ALL PROGRAMS KOV 1967)
EXPONENTHAL DI STRIBUTION
MIL-STD-7818)
RELIABILITY & LONGEVITY USAF ALL PROGRAMS (JUN 195%

REQUIREMENTS FOR ELECTRONIC
EQUIPMENT tMIL-R-26667A)




SECTION i
RELIABILITY DISCIPLINES AND VALUES

A. INTRODUCTION

This section is analytical in contert and describes the modeling approaches used
in dimensioning reliability program elements and values based on APQ-113 radar ex-
perience. The relationships establiched, for the examples analyzed, are expressed in
general terms so that they may be tested over an extended data base utilizing other
sources. 3

The section is introduced with a discussion of the origin and development of the
Reliability Planning and Management (RPM) model. The purpose is to provide the
framework for the following analysis of the reliability growth rate (alpha,a ) as well as
for the modeling presented to quantify the value of reliability investment.

B. SUMMARY

1. RELIABILITY PLANNING AND MANAGEMENT (RPM)

The background and development of this methodnlogy is described and explained.
rhe need and advantage of the application of this methodology to future programs are
presented. The relationships of "prediction versus requirement,'’ "product capability,”
Yenvironmental exposure, " and "growth rate"” are defined.

2. RELIABILITY GROWTH RATE

The analytical derivation of alpha (2) is treated .ith consideration and emphasis
on timely removal of systematic failures, distribution of failure mechanisms, efficiency
of corrective action, and equipment growth monitoring. The effect of quality of materi-
ale and stress {actors is discussed, An analytical determination of parameters affecting
the value of alpha is provided.

3. RELIABILITY INVESTMENT ANALYSIS

Models are derived for the relationships between costs of reliability test invest-
ment and equinment life cycle raintensnce. Elements comprising the APQ-113 RDT&E
reliabiliry =+ ~am investments are dimensionced, and the costs and value of parts and
product #.¢¢ g are analyzed.




C. RELIABILITY PLANNING AND MANAGEMENT (RPM)
BACKGROUND

1. INTRODUCTION

The purpose of this subsection, as a prelude to this report, is to present the his-
torical background and origin of Reliability Planning and Management because it repre-
sents a significant development in reliability methodology based on the APQ-113/114/144
program experiences which are analyzed in this report. RPM is a powerful reliability
growth technique, which was derived and developed before this study by J.D. Selby and
S.G. Miller of General Electric, and initially presented on September 26, 1970 at the
ASQC/SRE Seminar in Niagara Falls, New York.

2. SUMMARY

Reliability Planning and Management is a reliability RDT&E program methodology
that bridges the gap between the stated reliability requirement and the reality of the tech~
nical planning required to assure successful hardware implementation.

The major points learned through retrospect analyses of these experiences are as
follows:

® Credible reliability predictions are achievable in equipment performance.

e New products typically perform "off the board" at 10% of the predicted
. MTBF capability.

® Reliability growth is real and projectable.

& Reliability hardware development can be dimensioned, disciplined, and
managed as an integral part of functional product development.

The RPM methcdology ties together the contract requirement, the design margin
between the MTBF prediction and stated requirement, a projection of the initial "off the
beard" product performance, recognition of the reality of reliability growth, and a sized
estimate of the program required and implemenation options/tradeoffs available for
successful implementation of contract requirements in development equipments.

3. CONCLUSIONS

® RPM is a management tool that will bridge the gap between inherent
reliability and achieved reliability in a timely and orderly manner.

@ RPMallows customer and contractor to structure a Reliability Plan to
assure compliance 1o requirement,

& RPM clearly dimensiong the magnitude of a test-and-fix reliability
growth program prior to contract release thereby allowing cost tradeof{
docisions.

¢ RPM provides an additional tool to contracting officers for proposal
evaluation and effective procuring activity,
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4. BACKGROUND

The Reliability Planning and Management methodology is an outgrowth of first-
hand reliability experiences with fixed price development contracts in the early and mid-
19608, wherein GE learned to approach the reliability program requirements differ-
ently. Successful implementation in several new technically sophisticated programs
proved this’approach.

The methodology is based on earlier works of J.T. Duane in which he postulated
that reliability growth is a fact based on positive and constant corrective action, This
methodology was first applied at GE/AESD when early attempts to qualify the APQ-113
and demonstrate reliability requirements failed. The measured MTBF was, after a test
length spanning several MTBFs, only 10% of predicted. This unacceptable performance
resulted even though all required prerelease reliability disciplines, as presently identi-
fied in MIL-STD-785, had been incorporated. The primary disciplines were: parts
screening of semiconductors, r;ood derating criteria, and parts standardization.

Under contractual pressure to meet the reliability requirements, a decision was
made to maintain the equipment on test in the demonstration environment and to correct
all observed problems. This test-analyze-and-fix program wrs successful because the
equipment reliability was achieved and provided the basis fo: development of the RPM
(Reliability Planning and Management) methodology.

5. CRITERIA AND CONSTRAINTS

RPM methodology forces early recognition of certain factors and conditions in
order to achieve growth within the timeframe planned and meet the reliability require-
ment. The application of this methodology requires only that the designer not violate
the laws of physics and that technical requirements imposed are not "beyond-the-state~
of-the-art. " Successful program implementation requires that specific compliance be
achieved for each of the following criteria.

a. Prediction versus Requirements
Prior to release, the design must be simplified and parts stress and screening

levels must be adjusted until the prediction exceeds the requirement by 25%. This pre-
diction must be based on technjcally established and credible fatlure rates.

b. Product Capability

A realistic appraisal must be made of the new or changed design, recognizing the
inevitability of flaws which constrain initial performance to 10% of the inherent analytical

prediction.

¢. Reliability Growth Rate

The reliability improvement for complex equipment, when operating in the
“intended use' environment is approximately proportional to the sguare root of the

a7




cumulative operating (test) time. For a constant level of corrective action effort and
timely implementation, reliability growth closely approximates a straight line on log-log
scales. Growth rates will vary depending on the effort expended. Factors impactinga
growth rate are discussed in the following subsection entitled "Alpha Derivation.” A
rate of 0.5, which has been experienced, reflects a hard-hitting aggressive reliability
program with management support spanning all functions of a knowledgeable organiza-
tion. A minimum rate of 0.1 can be expected on programs where specific consideration
is not given to or for reliability. In this latter case, growth is largely due to correcting
the clearly obvious problems impacting production and implementing corrective actions
as a result of user experience and complaints.

d. Product Environmental Evaluation Exposure

This structures the test evaluation time required to effect a compliant product
based on initial capability and growth rate. Given the exposure hours and a valid
assumption on achievable test efficiency (AESD uses 200 equipment exposure hours per
calendar month for new complex avionics), the tradeoffs in program planning encompas-
sing the acceptability of the initial design, design margin, number of equipments to be
placed on test, facilities, test time, calendar time and program cost, can be objectively
made by contractor and buyer.

The RPM model in Figure 8 shows the relationships of various growth rates and
test times based on a 10% of prediction MTBF "off the board" performance.

@ PREDICTION SIMPLIFY DESISN UNTIL MIL-HDBK -217 PREDICTION MEETS
REQUIREMENT WITH 25% MARGIN

& OFF THE BOARD DESIGN - PERFORMS AT 10% OF PREDICTED CAPABILITY
& SCREENING PROCESSING - ADJUST TO USE ENVIRONMENT
o GROWTH - PLAN PROGRAM BASED ON RELIABILITY GROWTH AND RPM TRADECFFS

RELIABILITY GROWTH .
PREDI CTION .06
1.25 OF REQMT. B R rf,
REQUIREMENT — o = = = = == > 3 GRowTy Limits
=
& a-
OFF THE BOARD —|-% - u
.1 0F PREDICTION
LOGILOG
EVALUATION EXPOSURE - tHRS!
DIMENSIONS
© DESICN QUALITY ® RESOURCES OPTHONS
* PRODUCT MARGINS * EQUIPAIENT S
o INITIAL PERFORMANCE < FACILITIES
® THAE - SCHEDULING » CORRECTIVE ACTION EFFORT
* COSY

Figure 8. Reliabiiity Planning and Masagement
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6. DEVELOPMENT (APQ-113)

N
o i RPM was developed based on the APQ-113 failure to demonstrate the required

& MTBF. This experience, supported by others, provided the basis for the RPM ground-
. rules and disciplines that evolved. The following APQ-113 program experiences pro-

i vided the baseline:

a) During the initial reliability evaluation test (Pre-Qual), the "off the
b board" measured MTBF was 9.5 hours at 90% LCL, or approximately
i 10% of the estimated reliability prediction. At that time the predic-
tion was 88 hours and the evaluation test duration was 896 test hours.

b) Even after the equipment parts count was reduced, the percentage of
screened parts increased, the LRU burn-in instituted, the initial test
- measured MTBF still amounted to only 10% of the revised 17% hour
prediction. In order to meet the specified MTBF, an environmental
LRU and radar reliability evaluation test program was initiated, The
resulting equipment MTBF growth was exponential, approximating a
straight line on log-log scales, and had a relatively stcep (0.5) pesi-
tive slope. RPM designates this slope, a measure of reliability
growth, as alpha (@), This test program, which is depicted in Figure
9, continued for a total of over 10, 000 test hours, resulting in meas-

x ured equipment reliability performance meeting the specified MTBF
of 137 hours.
1000 T I W ~
mjr— ANALOG /DIGITAL -
emj- 10,000 COMPONENTS PROD ACCEPTANCE |
] égwuom.m PART SCREENING A o 446 UNITS —f
404~ PEUABIUTY DENO & ACCEPTANCE . { CONFISURATION
PER MiL-2-20087 CHANGE CONSTRAINTS
w ] N '
[+]
= 20
Z | SPECIFIED MTBF 137 HOURS .y
&8 : L~
) —_
m -
+ g h ] |
;::. - w / * :
n v
3 g0 S
i // Mare 50
3 a . .
»4 {10% REC HREMENT & PREDICTION} i
1 NN N A T R L)
SN TIME LHOURS) X W

WRU ENVIRONMENTAL & RELIABILITY DEMONSTRATION HOURS
Pigure 9. RPM Model
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¢) The reliability prediction for the final design of APQ-113 was estimated .
at 178 hours versus a contract requirement of 134 hours at 90% lower
confidence level. The reliability requirement was achieved by demon- .
strating 152 hours at 90% lower confidence level, In this case, credible
reliability predictions were achievable as evidenced by the reliability
test results.

d) The reliability growth during the APQ-~113 production phase was exam-
ined and is depicted in Figure 9 as an extension of the rate of reliability
growth line observed during the APQ-113 evaluation test phase. Through-
out the production phase of the APQ-113 program, a continuous formal
Reliability Acceptance Test (RAT) was performed to assure maintenance
of the required MTBF for each production lot. Fifty-four radars were
subjected to 130 test hours each. The MTBF measured on the initial
sample of equipments representing the first production lot was 196
hours, while the final measured MTBF for the fotal production quantity
was 202 hours. This reliability performance, during the APQ-113 pro-
duction phase, equates to a reliability growth rate (o) of 0.1. These
results are to be expected however, since during production, the pro-
gram is under the constraints of configuration control, which restrictthe
incorporation of equipment design improvements.

7. IMPLEMENTATION (APQ-114)

In 1967, General Dynamics requested modifications to the APQ-113 Attack Radar
to meet the tactical requirements of the FB-111 bomber configuration. This new design,
designated as the APQ-114 Attack Radar, required a 5% increase in the number of elec~
trical component parts and a change to 20% of the existing electrical.design, with no
relief in the existing reliability requirements.

Taking full advantage of the reliability experience gained on the APQ-113, an
APQ-114 reliability program was structured utilizing the concepts of RPM. For the
first time GE/AESD implemented, from inception, a reliability program utilizing RPM
as an integral part of the program plan, with the following constraints:

a) Dimensioning "Off the Board" MTBF

To dimension the off the board MTBF for a modified design, a relia-
bility prediction analysis was performed. This<prediction allowed for
the changed portion of the design to initially achieve 10% of its analytical
inherent prediction, while the balance of the design would be expected to
achieve its predicted performance. This analysis indicated an off the
board MTBF of 50 hours.

b) Although a growth rate of 0.5 was demonstrated on the APQ-113 pro-
gram, it was difficult to estimate if a similar rate of growth could be
sustained on 2 more complex product. It was therefore decided that a
conservative estimate of 0.375 should o2 selected.
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c)

d)

D 2 NP o

Test Plan

With the predicted off the board MTBF of 50 hours and a growth rate of
0. 375, a reliability evaluation test program for a duration of 4000 hours
was planned. The total test time would be accumulated on three advance
manufactured radars, two maintained on tests concurrently, 24 hours
per day, T days per week and the third radar to serve as an asset
spare in support of the test to obtain maximum test efficiency.

Test Findings

The results of the reliability evaluation test program are portrayed in
Figure 10 and indicate that the actual reliability performance exceeded
predictions. A growth rate of 0.48 was achieved as compared to a pre-
dicted 0. 375 and close to the 0.5 observed on the APQ-113 program,
providing further evidence that a growth rate of 0.5 was realistic. Fur-
thermore, the first lot of 84 APQ-114 Aitack Radars manufactured, of
which 21 went through Reliability Acceptance Test (RAT), measured an
MTBF of 212 hours as compared to the 202 hours measured on the Pro-
duction Radars of the mature APQ-113 program.

EVENT HISTORY

FVENT 1966 | 197 | 1968 | 1969 | 1970
1|2{3(4l1{2[3{a(1{2|34]1]2]3]4{1[2]3|4
| DEVELOPMENT MODELS
& | 3 RADARS
=
& | PRODUCTION (20% CHANGE) [
84 RADARS T
TEST AND FIX (3750 HOURS) r 1 ',
< |3 RADARS
% | PROD ACCEPTANCE TEST
21 RADARS MTBF = 212 HR
1 1. 1.1
RELIABILITY GROWTH-PREDICTED vs EXPERIENCED
4 T &0
20
@ 2 Acmzvzcs\_\?rm
3 8 L 150
I PR\N _
8 ~f o Ll w
g L N\\%Q/ > 100 S
a 10 GRD\N\\'\’..” e 00 é
g o] g
= : Q.
2 =T % =
w o
ﬂ_'::: TET)
30+ START‘,{PREDI({.
(HR) 100 500 1000
4000
TIME

Figure 10. RPM Model
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D. RELIABILITY GROWTH RATE - ALPHA (o) DERIVATION -

1. INTRODUCTION

Reliability growth - o - is intrinsic to the RPM methodology, and is a necessary
and important element in product development, Failure to provide the time and dollar
resources necessary for reliability growth is an error committed much too often in
RDT&E Program planning. In this section, the underlying mechanisms which influence

a will be examined.

2. SUMMARY

The analytical derivation of alpha (o) is treated with consideration and emphasis
on timely removal of systematic failures, distribution of failure mechanisms, efficiency
of corrective action and equipment growth monitoring. The effect of quality of materials
and stress factors is discussed. An analytical determination of parameters affecting

the value of alpha is provided.

3. CONCLUSIONS
Alpha is influenced by:

a) The systematic and permanent removal of failure mechanisms through
taking corrective action.

b} The rate and efficiency in failure removal.

¢) The statistics of the underlying distribution of failure mechanisms whose
failure rates prevent the initially released system from achieving its full

potential.

Removal of every systematic failure mechanism from a uniformly distributed set
of sources results in a growth slope of @ = 0.6, Removal of alternate failure mecha-
nisms from the same source distribution causes a growth slope of a = 0,23.

The use of tightly screened material (say, Class B, under MIL-STD-863) would
have removed about half of the pattern problems iu the APQ-114 RET test. This would
result in a 40% increase in the initial MTBF, a drastic reduction of test time but no
change in the growth rate.

The instantaneous growth slope can be infinite but the upper limit on «, the aver-
age growth curve slope, is 0.86.

o depends on the ratio X /6 , the ratio of the mean to the standard deviation of the
distribution of failure sources.

o is independent of the cycle time to fix a failure, if the time is a constant multiple
of M_. the mean time between failure of a systematic failure mechanism. If the cycle
timeto fix each failure mechanism is different, as is usually the practical case, o de-
pends strongly on the cycle time,
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The ability to detect a problem is directly related to the ability of a particular test
program to cause the failure mode to occur.

. Data from the APQ-114 RET Program showed excellent agreement with the RPM
model.

4. ALPHA DERIVATION

Figure 8 demonstrates that reliability growth, o, is a necessary and important
element in product development. Furthermore, failure to provide the time and dollar
resources necessary for reliability growth is an error committed much too oftes in
RDT&E Program planning. In this section, the underlying mechanisms which influence
o will be examined.

a is the aver%ge slope of the cumulative hazard rate curve, H(t), plotted on log-
log paper, using a "'best-fit" straight line. It will be shown later that o ranges from
0 to 0.86, Another statistic, o', will be used in this section; o’ is the instantaneous
slope of H(t). ‘ o' ranges from 0 to .

H{) = total cumulative failures
"~ total time interval, Otot

Since o is the linear growth rate of MTBF with time when plotted on log-log
scales, any factor which serves fo increase M, or o speed an already apparent increase
in M, will increase a. M is increased by the systematic and permanent removal of
failure mechanisms, regardless of their sources, through taking appropriate corrective
actions. o is affected by the characteristics of the underlying distribution of systematic
failure mechanisms whose failure rates, Ag, prevent the equipment initially released
from achieving its full potential. o is algo affected by the rate of failure removal, or

. efficiency in effecting c?}'rective action.

The effects on « of the above three items will be treated in éome detail.

a. Removal of Systematic Failure Mechanisms

! Avalilable da‘a from industry and Figure 8 show conclusively that products initially

" released for manufacture exhibit a MTBF that is near 10% of the inherent, or latent,
product capability predicted from parts performance. If My is the predicted MTBF,
MP/IO is the initial performance, and 10X . is the initial failure rate, Furthermore
regardless of the underlying failure distrigution, the initial performance is evidently
Mp/lo This fact implies that the underlying failure distribution is bounded, or con-
strained, such that the sum of the failure rates of all the systematic failure mechanisms
which dilute equipment early performance and the non-pattern failures which one accepts

and identifies as Ap is mxp, i.e.,
S=n
)
Z )‘s+)‘p = 10>‘p =
S§=1 P




Thus,

S=n
}: Xs= 9)\p
S=1

These systematic, or pattern, failure mechanisms have an associated failure rate Ag
that is relatively ""close to" the equipment failure rate Ap, but which is several orders
of magnitude above and, therefore, distinguishable from the failure rates of the parts
themselves. (Figure 11) Note that the failure rate nf the lowest major procuremant
assembly is approximately 10-5 compared to the systematic X g around 10-2, The re-
moval of these A4 through an orderly and planned program of test, analysis, and cor-
rective action, is one of the basic principles of RPM.
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Figure 11. Failure Rate Distributions

Figure 12 is an idealized display of the \ g which are close to the > ,. The failures
are placed regularly in time at intervals Mg = 1/X 4 (when {n reality they occur quite
irregularly, even randomly in time, but such that their average interval of occuirence
is Mg. determined by summing the times and failures from the s-th systematic failure
mode). Also idealized in Figure 12 {8 the failure source distribution. IR was assumed
to be uniform and acarly symmetric about Ap- These assumptions lead to no loss of
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gener.ality in the illustration, and subsequent parar raphs will discnss how the shape of
the faiiurs souxrce distribwion affects a.

In Figure 13, it was assumed that after the sec W occurrence « [, failure, it was
recognized as a repetitive, systemratic, failure mechar 2m »nd was removed with cor-
rective acticn. The cycle time t0 1ncor ~eade the corrective .« (ioh was taken to be wi-
form at 2Mg, that is, twice the MTBF of the systematic failure mechanism. Thus, the
total cycle ume from the first occurrence of each failure watll corrective action be-
comes eifective {5 Mg, and assumed to bo the same for cach fatiure. U the ate of in-
corporating corrective action s not .assumoq to De the sam= for each systematic failure
source, then z becomes dependent on cyc! - 'ime. This retationship will be discussed

wibsequently.

If every systematic failure mechoniew in the assumed uniform. sypmmetric distri-
bution is identifiuble and correctable and removed at g constant rate, the growth rate is
a = 0.6, Any inaoiliy (teehnicsel or time Lmilations) o effect {dentification and correce
tion will, of course, cunsiraiq and reduce 2. e rate of erosies of & can be seea by
coasidering the case whare only alternate failure mechanisns are fixed (half of tirem):
the growth rate is reduced to 2 = 0.73, (#igure 19} The cyele time to incorporate cor-
rective action affects the break poini of the curve %), and thercby, the total test dura-
tion. In the above examples, the br >k point occsrs precisely at iM beyond the dirst
failure of that mode with the shoriest mean time, Ms win
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Figures 15 and 16 exhibit data from the APQ-114 RET Program, plofted in a form
similar to Figures 12, 13, and 14 and showing excellent correlation with the postulated
model. The 114 RET Program and its a growth will be discussed at the end of this
section.
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b. Underlying Distribution of Failure Mechanisms

In the discussion above, the disiribution of failure sources was assumed to be uni-
form, approximately symmetric about Xp, and hounded by the constraint that

!

S=n

z g = 9
S=1

In what follows, all distributions will be similarly boundea, since the preponderance of
evidence confirms this constraint as factual, bul variations in uniformity and symmetry
will be discussed.

Intuitively, one can envision that there is no upper lmit to @', This observaticn
comes from the following reasoning:

Suppose the underlying failure distribution consisted of nine separate
gysiematic failure mechanisms each with a failure rate A ; = ;. and a
mean time, Mg = M,. If the nonsystematic failares associated with the
predicted MTBF, Mp. are included with the systematics, the combined
distributicn satisfies the 10 Ap constraint but is plotted as a thin line at
Ap with n = 10 units high.

n

10~
Sl

) 'p R Y

Suppose also that the first faliure ot each of the systematic failure
me.hanisms occurs at exactly the same time, and that ench is corracted
in the same cycle time, say ¢Mg. o5 before. Then the )it} plot, Fig-
ure 14, would be A= 10 cut tu {/M, = 4 and at that point jump discon~
tinususly to » = i, Thus, the A{t) curve would be 2 vertical ling at
t/Mg = 4, and the slope of the tnstantangous failurs eate curve would be

Qe %—? 2 35{- = +», The corresponding value for & ig +9.860,

However, while thewretically = could approach 0. 860, there are many practical
factors which tend to limil the vuiue of a: .

1) Fallure rates of patters probletes are disiributed on both sides of )‘p‘
2) The distribntions are rareiv symmetric.
3} Corrective actions are not always perfest,

4) Tailures do a0l occur at thy same time.
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5) The corrective action cycle titne for each failure mechanism is really
not the same.

6) Every failure cause is not discovered and eliminated.

These '"real-life" considerations have led GE to hypothesize a practically achiey-
able upper growth limit of o = 0.8, a number borne out by extensive GE7§E§5‘ reliabii-
ity test data on a variety of diiferent products. ‘

_ Several skewed distributions were examined, and their associated values of mean,
A, standard deviation about the mean, ¢, and corresponding growth, o, are shown
below normalized for X P = 1,

x 6 X/6 a
(1) 1.2% 0.223 5.78 0.74

NOTE: 7This case occurs when a number of fajl-
ure mechanisms exist in the released design,

\\ any of which can unilaterally prevent the equip-
\ ment from reaching its latent capability, My It
\\ represents a design with shortcomings that are
S—— discovered early in test,

| (2) 1.1t 0. 300 3.70 0.67

NOTE: This case oceurs when the design con-

| tains a preponderance of easily detected failure
mechanisms combiued with a fow subtle failure
modes, which will not show up until far into test.
Thie case occurs most frequently in "real life”

? UNIFORM ABOVE » p

n

i SKEWED LEFY

experience
SKEWED RIGHT
P |
n | {3) e.n 0.226 3.14 0.63
| NQTE: This cuse occurs when the released de-

3ign containg a high proportion of very subtle

failure mechanisms, not easily detected in test.
Few obvivus faulds exist. A long and discrimi-
nating test will be required to discover and re-

voT 1 wove these protilams,

The distribution {actors which work te incresse & are:
1} Concentration of falture morhaniss noayr eseh other.

2} Fallore me! misms with 3y above
(A—!Q Z mp. _lmf-;. i 10 eariy digpaver
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An inverse ralationship exists between the standard deviation, ¢, of the assumed
distribution and the value of a'. The smaller the ¢ (nearneas of the MTBFs of indivi-
dual failure modes to each other) the greater the o' (steeper rate of growth). In par-
ticular, the 6 for the hypothetical case that gave o' = +»was zero. Subsection II.D.7
examines this relationship with more rigor, and shows that o' depends on the ratio ) /6,

c. Efficiency in Effecting Corrective Action

In Part a. of this Subsection, it was assumed that the total cycle time to remove
the s-th failure mode was fixed at 4Mg. This assumption means that those failure
mechanisms with low Mg which present themselves early and repetitively in test are
fixed quite easily and rapidly, and those failure mechanisms with high Mg that occur
only occasionally in test are from subtle sources, not easily discovered or corrected.
Clearly, available experience confirms the reasonableness of this assumption.

However, the total cycle time to fix the s-th failure was reduced to 2Mg to obtain
a comparison with the above result. a did not change, only the break point at which the
A(t) curve began its descent from 10y, toward its asymptote,  (Figure 14}, Again,
this break point was at 2Mg beyond the first failure in that mode with the shortest mean
time, Mg. Thus, while the curves with 4Mg and 2Mg cycle times had the same a, and
were parallel, the curve with the shorter cycle time reached the Xy goal much quicker.
Since test time increases logarithmically, the program with the shorter cycle time to
fix failures requires less calendar time and test hours but more diligent corrective
action.

Now if it is assumed that each of the failure mechanisms is eliminated in a differ-
ent cycle time, the time to fix tne failure becomes a variable that affects o - the shorter
the fix-time, the steeper the a growth. Since this effect is quite irregular and related
to the difficulty of the individual fix, its variable effect on a is best treated empirically
using data from the actual case at hand.

The severity of the test environment ig a factor which affects « in a subtle way
since environmental severity can accelerate the exposure of failures. 7he optimum
combination of temperature cycling, and/or long-term dwell at temperature pedestals
in precipitating failure mechanisms ig not addressed in this study. However, it is gen-
erally accepted that cyeling is better where stress phenomena are invelvad (nailhead
bonds in integrated circuits and solder joints, for example) while soaking at high tem-
perature accelerates failure modes dependent on chemjcal processes and soaking at low
temperature identifies circuit performance margins. Furthermore, availible parts
failure data confirm that high temperatures increase fajlure rates (Arrhenius Law).

Vibration, whether {ixed frequeney, swept sinusoidal, or random is known to ex-
pose mechanical weaknesses like wire dress problems, looseness of anteuna linkages,
incorrect torquing of screws, and general workmanship items. The tinwe at which such
failures oceur is related to vibration levels through normal $-N Curves (8tress vs Num-
ber of Cyeles).

In general, the ability to detect a problem is directly related to the ability of a test
program to cause the fajlure mode 0 occur -< Wwhether the causative mechanism is Time

duration (as in the case of wearout), environmental temperature, vibration, or combina-
tions thereof.
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d. Equipment Growth Monitoring

1t is important to recognize that the RPM planning model expression

g = ()

where
tl = Time at which initial data point is plotted (pre-conditioning time)
MR = MTBF required
M.[ = MTBF initially

provides the test time, tp, at which the instantaneous MTBF of the equipment under
test will reach the MTBF requirement, MR. Normally, the cumulative MTBF is meas-
ured in test and converted to instantaneous MTBF by dividingby 1 -a. i.e.,

MC
M= 103

The cumulative MTBF is plotted vs cumulati-e test time, a straight line is fit to
the data, and its slope a is measured. The instantaneous MTBF line is then drawn
parallel to the cumulative line but displaced upward by an offset equal to 1/(1 - a).

e. APQ-114 RET Program

Actual test data from the APQ-114 RET Program is shown in Figure 15 in a form
similar to Figures 12 and 13 and in Figure 16. However, the ten most serious syste-
matic failure modes are presented in order of ascending time to first failure. Thirty-
six pattern incidents were grouped into ten failure modes uniformly distributed above
Ap. Mp for the APQ-114 was approximately 200 hours giving A, = 0.005 failure/hour.
API the Ag of the pattern modes were below Ap, and it took several mean times, Mp, of
test to precipitate failures and identify the modes as systematic. The 36 failures are
the condensate of 130 separate test incidents resulting {from the following censoring per-
formed basically consistent with MIL-R-~-26667:

1) Test equipment failures were removed

2) Test operator errors were censored

3) Early mortality failures were removed

4) Confirmed wearout failures were removed if the wearou! times exceeded
that time contained in scheduled maintenance lists published prior to
initiating RET.

In addition to the systematic failure mechanisms, 15 nonpattern parts fatlures
occurred with their rate of occurrence largest in the first 700 hours of test. The \ of
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these nonpattern, parts failures is 15/3500 = 4.3 fails/1000 hours compared with 5
predicted,indicating remarkable correlation between materials performance and pre-
diction.

The summation of the X g associated with each systematic failure mode plus the
associated with the 15 pattern failures were added to give a sum of 20. 9 failures per
thousand hours or a MTBF at test start of 48 hours, comparing reasonably well with the
actual observed MTBF at the beginning of the APQ-114 RET program. This signifies
that all the significant data that affected the RET results are in the above numbers.

The APQ-114 growth curves are plotted in Figure 16. The total data demonstrates
a growth of a = 0,48 and the instantanecus growth must be derived from the cumula-
tive curve by offsetting it an amount

1 11
1-a 1-(.48) - 0.52 ~

1.92

The instantaneous curve is also shown in Figure 16, along with the growth for non-
pattern failures.

The growth for nonpattern failures shows a remarkably interesting trend. The
failure rate improves with test time at a steep growth rate (@ = 0.67) even though no
specific corrective action was taken. Further, the growth persists for nearly 2000
hours and then levels off to a X that is within 15% of the predicted, latent, ) p- This
improvement occurs even though an effort was made to recognize and censor early
mortality failures from the data. This "apparent” growth, as distinguished from Duane
growth resulting from correcting observed failures, has been noted in burn-in data in-
house and has been reported by others in similar test work. True @ growth contains a
contribution from loag-term burn-in as well as a contribution from correction and re-
moval of failure mechanisms. One might expect the growth associated with the long-
term burn-in to be less than the Duane growth due to the corrective activity in the latter
case, but the 114 RET results do not confirm this expectation.

In any event, linear growth on log-log scales arises from a failure distribution
that is Weibull in form. The phenomenon of part failures occurring at successively
increasing time intervals is identified with the age of the equipment in test more than
with the cumulative test time and, of course, benefits only the equipment under test,
not all equipments of the same configuration.

The growth associated with the first time occurrence of each failure mechanism
was alse plotted in Figure 16, If it were ideally assumad that each fatlure made was
eliminated tmmediately aftor it first occurred, then the growth rate shown by this curve
might be considered a theoretical upper Hmit on the Duane growth assoctated with
identifying and eliminating all the pattern fallures. In this case, = = 0.68, and the
actual tost result of 4 = 0,48 is substantially short of this empirically derived
maximum.

5. QUALITY OF MATERIALS
The quality of materials has two basic efiects on 4 ~growth: one for pattern’
correctable failures: a second, and different, efiect on nonpattern/accepted residual

so-called “randoin” failures. The available APQ-114 and APQ-113 RET experience
will be drawn on heavily in this cinpirical analysis.
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a. Effect on « of Correctables

Of 51 incidents used in Duane growth curves, 36 are from identified pattern
problems. Since many of the 36 incidents were repeated, they group themselves into
15 separate, correctable, pattern problems. The correction of these problems was
the major contributor to the Duane growth of a = 0.48 demonstrated on the APQ-114
Program. About half (actually 8) of these problems would not have existed if tightly
screened material (equivalent to Class B under MIL-STD-883) had been used from the
outset.

An additional iwo failure mechanisms might possibly have been eliminated under
MIL-STD-883 Class B screening, but are not included with the above 8 since the prob-
lems were of a very subtle nature, uncovered only after many hours of concentrated
testing and analysis. Eliminating these 8 failure mechanisms removes 19 incidents,

After removal of these 8 mechanisms the remaining 114 RET data then consists
of 17 pattern failures from 7 correctable sources, plus 15 nonpattern problems. This
data was replotted in a form similar to Figure 16. The growth rate was o« = 0.48 or
identical to the growth using unscreened material, but the slope intercept was
appreciably increased by the removal of material problems. In particular, the initial
MTB% increased from an average of 42 to an average of 55 hours*, or an increase
of 31%.

While this increase does not seem particularly dramatic of its own magnitude, it
allows a tremendous shortening of test time and, therefore, cost-saving in test. With
screened material, the same MTBF could be achieved in 1275 hours, for a saving of
2485 hours or 66% of the cost of test.

b. Effect on a of Nonpattern Problems

The "apparent” a -growth resulting from the tendency of nonpattern probiems to
occur at successively increasing times between failure was previously discussed and
distinguished from Duane growth resulting from corrected causes.

The nonpattern part problems in both the 124 RET test and 113 qualification tests
were all of the variety that conceivably could be eliminated (or reduced) by screening.
The data from the 113 or 114 effort does not easily provide the desired data comparison,
since these fallures were not eliminated tut accepted as the predicted residual. If all,
or most, nonpattern failures were eliminated through the use of higher quality materials,
the ultimately achieved MTBF clearly would Lo higher, and the "apparent" growth rate
to get there would be lower than the 0.57 demonstrated in Figure 16. It Is estimated
that the a would be closer to 0.35.

*The word average is used to denote the average of two numbers obtained in extromely
different ways: (1) The cumulative failure rate versustime was nlotted in Figure 16,
and a line faired through the data poimts. The inrtantaneous failure rate line was
drawn paraliel to the curaulative line but displaced downward by the offset factor 1-2
and extended to the left side interceptatt = 100 hours. The failure rate \p =
28 x 10~3 was obtained giving an initial MTBF of 36 hours. (2) The summation of all
the systematic failure rates was taken,” *g = 20.9x 10-3, and MTBF = 48 hours.
The average of 36 and 48 hours was taken as the intercept.
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Failure rate tables give a range for the improvement in the ultimate MTBF with
improvement in parts screening levels. Experience with such data shows them to be
reasonably accurate and credible {e.g., RADC Notebook II),

Actual in-house data from parts procured to MIL-STD-883 Class C, andon a
later buy upgraded to the tighter screening requirements of MIL-STD-883 Class B, are
shown in Table VI. The dramatic improvement in module and part failure percentages
or percent defectives is at once evident, This table provides valuable data not readily
available elsewhere. I projected costs of eliminating failures at each level of assembly
can be hypothesized or determined, the table can be used to determine the cost effec-
tiveness of screening to various levels under MIL-STD-883.

TABLE VI, PART FAILURE COMPARISON, MIL-STD-883 CLASS B AND CLASS C

lcs TRANSISTORS ~ SFPs™ DIODES ~ TRANSFORMERS ~CONNECTOKS  OTHERS* TOTALS
# FAILURES Q7Y NOT
MODULE W “ %1 s 7 NIA SIGNIF
g UNIT 55 8 0t 50 4 2 3
S| QuipMeNT 3 r:d 6 3 1 1 ]
28| e 2 L 2
z°| om 534 S0 aH W 1 15 q e
4 EQUIPMENTS » ® % » ® . ® ®
#FALLURESIEQU! PENT 05 19.2 B9 100 0.5 0.6 18 .2
APPROXIMATE AVERAGE
PART USAGE A0 169 ® 50 » 950 0 2.519
DROPOUT RATE 0T 1% 8% 02 L 0.06% v.02% 0.3%
# FAILURES Qry NoT
MODULE 51 a 1 u NIA - SIGNIF
uNIt 3 : 5 2 1 9
B cument 2 3
@l Reo \ \
ga Toral % ® 1 1 0 2 it 182
+ EQUIPAMNIS s 5 5 s 5 s s H
#AILURES/EQUI PMENT n.? 2.4 12 12 0 ] 26 0.4
PART USAGE (APPROX. 1 ] wH ® W m 0 0 LRIV
DROPOUT RATE o4 0ts Lis  ones NiA ool 0.0 (ST

'OfI!RS INCLUDE RISISTORS, CAPACITORS, CRYSTALS, COILSECHOKES,  INDUCTORS,
DELAY LINES, AND MAJOR SUBCONTRACTOR 1TEMS

*« HYBRID AU CROCIRCUIT

6. MANAGEMENT EFFECT ON ALPHA

Several basic elfects of management commitments on @ and on the overall relia-
bility test have Leen observed in various test programs at GE. This commitment can
take the form of multiple test positions, dollar resources, manpower commitments,
production schedule incentives, priorities, or combinations thereof.

Multiple test positions accelerate accumulation of test time for minimum schedule
within balanced limits of dollar expenditures {or equipments versus dollar expenditures
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for test time. Multiple test positions have very little effect on «, but large effect in
shortening time and cost of the overall test. The remaining four factors cited above all
serve to increase ¢ and shorten the overall test within limits., Each factor works to
limit the time between a failure occurrence and the ultimate corrective action in product
to eliminate the cause, and in each case except priority, there is a saturation limit, or
a diminishing return for the next unit of commitment. The optimization of the test cost
factor in balance with the life cycle savings resulting from MTBF improvement has been
treated elsewhere herein.

in the case of the APQ-113 Reliability Evaluation and Reliability Qualification Test
effort which maintained an o = 0.48, the times to remove systematic failure mechan-
isms averaged 4.4 times the MTBF of the indicated failure mechanism. In the case of
the APQ-114 RET Program, the o was slightly less (0.48), and the times to remove
systematic failures were much shorter (4 times the MTBF). The reasons for the
decreased a are:

1) Most of the failure mechanisms had been removed in the prior 113
design '

2) There was only a 20% transition to the 114 design

3) The 113 production and quality learning was complete on 80% of the
system,

The decrease in the average time to remove failure sources is related to exper -
ience, learning, and a greater propensity to investigate failure causes before the par-
ticular failure repeats in test.

Each of these RPM Programs had an adequate commitment of the above-listed
management ingredients, necessary to program success.

7. ANALYTICAL DETERMINATION OF THE PARAMETERS AFFECTING THE VALUE
OF THE SLOPE «'
a. Purpose of Analysis
The purpose of the analysis was to:

1} ldentify and determine analytically, the parameters that affect the
reliability growth ratea'

2) Determine if an upper bound on the value of a' exists

3) Determine the value of such an upper bound if one does indeed exist

b. Summary of Results

The parameter that primarily determines the value of o' is the ratio of the mean
to the standard deviation of the probability density function (pdf) of the systematic
failure mechanisms, Xg/6, g. Other influencing paran‘eters are the symmetry of the
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pdf and the number of standard deviations from . 4 to Ag max’ There is no theoretical
upper limit on o ', but as shown earlier, practicaf programafactors tend to limit a'
growth, It was also found that a' is not influenced by the time to detect and remove each
failure mechanism if that time remains constant. Ways to increase the value of a' by
judicious testing are discussed from a conceptual viewpoint,

c. Conditions of Analysis

The initial hazard rate M of the equipment is equal to 10 A, where Xy is the
inherent hazard rate of the parts comprising the equipment.

The final hazard rate of the equipment Ag is equal to Xp. This implies that the
gystematic failure mechanisms, which account for 92 j, have been removed in the final
state and only the inherent parts of the equipment can subsequently fail at a constant
rate.

Each individual systematic failure mechanism is removed at four times its
mean time to failure. That is,

t

T, = 4/ 5
i
where
Xs = hazard rate of the i~th systematic failure mechanism
i
tr = time to remove the i-th syrtematic failure mechanism measured

i fromt = @

The total hazard rate of the equipment XT(t) is assumed to be a linear function of
t on a log-log plot. For this analysis the linear chararteristic will only be assumed,
r.ot proven.

The growth, a', is the negative instantaneous slope of a curve of failure rate ver-
sus time.

The computed value of a' is predicated on a line joining two distinct break points
in a curve. a'is defined for

4 4
—_— G ——
Ag max )‘s min

All early mortality defects have been removed by appropriately structured burn-
in tests,
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d. Results

The following listing contains the results of work reported under Analysis. All
derivations are contained in that section.

1) The slope, a', of the hazard rate curve is as follows:

. 1
© s fog g ) -log By ] @

max min

Since

[log (2 Yy ~log (A )] # log (& . ),
8 max smin 8 max S min

a' depends not only upon the difference

(A- - A ) 3
sma.x E’min

(i.e., the spread of X s), but, more accurately, on the absolute values of

A A
smax and sm

in’
2) Not much insight into the process can be obtained from the above equation.
For values of la '} > 1.9 the following expression anproximates equation (7) above:

[ _2.30 Xs 1.15 (1 -8 ]
[kl(l'a»sT 6‘;) * 7—7‘1‘1 vs (18)
8

where 3\8, 63 g, and s are the mean, standard deviation, and symmetry parameter
respectively of the A s probability density function. kj is the number of standard
deviations from A g to X g jax or the parameter that measures the range, or spread,
of the data,

a'

1

3) If the A g puif is symmetrical about its mean, s = 1 and equation (7) may
be approximated as f{ollows:

Voo 115 /£ Vg "
s
for values of {u 'l > 1.9
4} Also when s & 1, the above expression shows that ' is directly related
to the ratio of \s/¢ )g and is inversely related to ky. The value of kj

is different for different pdf shapes. 1If the pdt type (or shape) remains
constant, o' varies as the ratio As/d, .

L X




equation (19) above may also be expressed:

1

o 1,15

Pmax )
o 1
8

R

(20)

!

%

6) The maximum negative value of o' is infinity and occurs if
or if

can conceptually be made zero by designing equipment with identical
components (e.g., a box of only resistors), by selecting only those
components with identical \'s, or by hypothesizing environmental stress
factors which affect the failure mechanisms independently and cause all
A's to approach a single value.

7) ‘The average value of X ; governs the approximate mean time to discover
and remove systematic defects, and thereby affects the length of test,

8} T}\e time (ty) to the first systematic failure mechanism removal is
4/

S max

9) The time to the last systematic fallure mechanism removal is

4/x8

min

10} ‘Tie tast time to achieve a spocified reliability is governed by both
'.0 a 47 )\s and a°,
max

¢. Background

Systematic fallure mechaniams are fajlure mechanisms that are designed and
built into exch and every equipment of a given dosign with certainty. These consist of
design deficiencies, of engincering and drafiing mistakes thal went unnoticed, those
manufacturing mistakes that are repeated (e.g. . improper procedure), unreliable
designg, and those repeated workmanship errors related to the above -mentioned mis-
takes and unforeseen or unaimensioned material quality and screening constraint
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either unique to a part or its application. Systematic failure mechanisms are distin-
guished from "random" defect failure mechanisms in that they can be removed {rom all
the equipment of the same design once they are discovered in any one of the equipment,
*Random" defect failure mechanisms can only be removed from the particuiar equip-
ment under test.

It has been observed that complex electronic equipment uf different design from
different vendors have an initial Xy of 10 A p. This, in effect, says that complex equip-
ment with many possible sources of systematic failure mechanisms have initially on
the average the same total nj A sj. The individual nj X sj most likely are different, but
their summation is not.

Thus,

i"-lﬁqs
Z ni Xs‘ =9 Xp

i=1

is a constant. No such counstraint exists on the variance
2

¢

Ag

or the type of probability density function.

{. Analysis
Define
op s
s Y Y SRR Y )
=1 =1
where

kT(t) = total equipment hazand rate as a function of Lwe

e, = hazard rate of the j-th part of the equipment

§
Ny = total number of equipment parts

Y s {t) = hazard rate as 2 { action of time of the i-th systematic
§ failure mechanism

N s " “olal nu—ber of systemalic tzilure mecnanisms

:\j « wmbeor of parts haviag the j-th hasard rate




Initially att= 0

xp ® KT(O) = xpms(O) = IOXp (@)
or
A (0) = 9.\.p (3)
Ya(t) decreases with time as the individual Ag, are removed. X  remains
constant. p
Define
Mp = 1/ xp = equipment MTBF
X = log (ﬁ—‘;} = log (X)) @
Amit)
Y o= loglm— )
. p
All logs are to the base 10.
Then
Yy
B TST BREAK POINT (15T REMCVAL)
L \ >y
x— © 10 = | gt = el
- i
i 2en s A
’ % * v
[ IND BREAK POINT
\ ) {LAYT REMOVAL)
f - 0
S udil hmamum ol
R 9 x4 %y, ¥ = (%, O
I S SRS P W
XK %X XX
. TR IO
, N, - 1 ’
xt I lugt .:.-ni—. i l’ L] ‘%i ;:n;;»:L
s min




N
h
{
t
i

%

log (4 >~p) - log (» Smm)

X, = log(4 Xp) - log (Xsmax) (6)
rg
X,-X, = log(A. )-log(h. )= log( —88%
2" % % 8 max ° ®min g<>\3mm)
1 i
¢ = [ (7
Smax
log<x —)
S min

It can be seen that
RESLEY

xs‘ K dxs

>
11

>
]

A - k +k )6
s Smax  Smin Lo )‘s

“a 2V3 2 /T
In this case, ky = ko, = k due to symmetry about is‘




Therefore,

or

case kl # k2 Thus, define

k2 = symmetry parameter.

STy

by = TS "”kl 6)‘5

¢

]

> = xs'k26>\s=‘-\

<1+
X

K %%
8

s

)%,

sklcs
1‘—:—15\

A
]

From equations (68), (8), (9), and (10):

2
¢ Srax

Xy~ Xy = 1°g\xs

{1 +1} (
R D)

1=7s)
Define

e H +.8)

)(2-)(l = logil + W)

U

’

A
8

'\a {(l+x‘)
k=1

In{l «Y)* = 2“(:2 0

-~

1, U ,3 ;
¢~~3- (T:U) 0...}

The density function of A g will not necessarily be symmetrical about Xg; in which

(8)

(9)

(10)

(1)

{12)

(13)

*Mathematical Tables, Ninth Edition, 1951, p. 281, Chemical Rubber Publishing Co.
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where

(Fl<U<+a)

)

8 = -?k-l-;0<ﬂ<+eo

ke,

8

g
18 always positive and will be less than 1 for the cases under study.

0<r<«l

U= r+rs
I-rs

Therefore, U will be within the desired range of -1 < U < + =,

Furthermore:

I (1+U) % g5 HUSorxs <0.6

n

Therefore,

10g; (1 +U) = 0.434285 1n (1 +U)

‘e . 1 o, 1158 +r -8
@ fogwﬁ*»ﬁ) = ri{l +s}
or
v [ 230 /s 1.15 (1 - 8) )
2 ""ikl{i*s)\?;"\f' { + 8 J
s
for

(14)

(15)

(16)

amn

(18)




For a symmetrical pdf, equation (18) reduces to: .

. L15/ *s
AN —kT\\—dz‘\ (19) .
8
where
A X
_ Smax - °©
Ky = e —
8
Therefore,
al -5 1.15 (20)
s
( “max
\ — — - 1\
‘g
a' > 1.9

Stress Facior C_onsideration

The following diagram shows the effects on X g and 9% _ of varying the stress fac-
tors. Assume that \j, can be influenced by vibrationlevel only, A 9 can be influenced by
vibration at a particular resonant frequency, and A 3 can be influenced by temperature
only. Inherently A 1° 1, kz = 2, apd \ 3= 3 (in arbitrary units).

Initially

As=3

‘5:\ = f%-—a 0.815

5

and

if all 's are increased by a factor of § as in (a). the new ¥, and ©3_ will be five
times higher thau initially. Equation 7 shows thas = ' is unaltered. Dingrfm parts {b)
and (c) show the changes in ="' by altering the \'s by the amouwnts shown.

Environmental stress factors cause the effective X g, to be greater than the inherent
b8y by some factor, kj. which is not linear in general. Increasing the temperature
above room temperature by (1) increasing the ambient temperature or by (2) lowering
vooling sir rate, for example, on a tranststor will result in a decrease in MTBF (i.e.,
an increase in its "inherent™ 1 ). Increasing the level of input vibration of a structurc or
part near its resonant {requency cauvses an increase fn . accordiag to the corresponrding
stress ¢ycles to failure curve for fatigue-type fajlure mechanisms. Also, maintaining
the vibration frequency at resonance for a long time by using a slow vibration sweep rale




a' = 2.1 | ot = -2.1|
o FT A

X =2 T =5@ =10
(@) Gy ¢ = 0.815 6xg = 5(0.815)
k= 1.23 ky = 1.23
GROUP | GROEP ]
13| A - .
: 4 y 1 .
A o Rk S DA 5xg 53
1l ] 1 !
01 2 3 5 10 15 A UNITS
Lo=-6.9
| .
i) i _—
®) GROUP it 6 0815
1/3 A AR
0 > X,
5 6
5)\13\17/3)\3‘
aa = @
f(ks) GROUP IV v
(c) ‘ rs =3 A X
6y, = 0 = YN, =2, =3
0 3 Ay
A3

compared to using a fast sweep rate causes X to be larger for fatigue-type failure mech-
anisms. Changing the nature of vibration from sinusoidal to random causes a change in
A, Ways of estimating the various damage potentials of these widely differing environ-
menta: stresses is available in the literature and will not be discussed here.

There are other mechanisms that are sensitive to levels above some threshold. A
loose sold=r ball, nut, or washer may relocate and cavse o short circuit if its accelera-
tion exceedcig. A bolt may become loose above a threshold amplitude.

There are still other failure mechanisms that are sensitive oaly to the combination
of environments.

An antenna, secured by a tapered shaft with a captive end nut, can lose bore-
sight as a result of combined temperature and vibration environment. There are cases
{levels) where neither environment, individually, will cause the slippige. Many other
examples could L@ cited. The main point is that the reliability engineer has many ways
selectively to alter the \'s by synthesizing the desired reliability eavironmental test.
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Insofar as the changes in the X g due to environment can be reflected in the under-
lying distribution of new, accelerated, higher (A g)NgEw, then the effects on a can be
calculated/predicted with some rigor. But this problem has plagued reliability engi-
neers for years without solution other than reasonable ampirical approximation.

The diagram shows 3 hypothetical cases of the effects of environmental accelera-
tion on A g, and the corresponding, but widely varying effect on a'. These distributions
were contrived to show the dramatically different effect on o' that relatively mild
changes to failure rate acceleration factors can have.

Diagram (a) shows a set of 3 systematic failure,X4, X 9, X 3, all accelerated
equally by a factor of 5. They take on a new mean, X, which is ? times the old. They
exhibit a new standard deviation about the new mean, éx g, Which is 5 times the old.

But, the ratiox /6, does not change, and therefore, o', is invariant in spite of dramatic
environmental effects on the g.

In (b), we hypothesize that X 1 could be increased (accelerated by environment) by
afactor of 5, Ao by 3, X3 by 7/3. In this case the mean g was increased by 6/2 = 3,
but 6 = .815 before and after, unchanged (deliberately). Because the ratio » /6 is now
considerably increased, a' also increases.

In (), X § and A g are independently increased such that all 3% are equal after-

ward. 6 is now zero, and ¢’ is infinite. This result implies that all 3 failure mechan-
isms are removed simultaneously and discontinuously.

E. RELIABILITY INVESTMENT ANALYSES FOR HIGH
PERFORMANCE AIRCRAFT AVIONICS

1. INTROGDUCTION

This subsection dimensions and analyzes elements of reliability costs, termed
investments, and establishes models to ’evnluate their interrelationships, value, and
impact on life cycle maintenance costs.” The sulicaction analysis is structured in the
following sequence:

® Feliability Test Investment and Lifo Cycle Maintenance Cast
{Model Derivation)

® Computer Program for Reliability Test Investment Analysis (LIFCO)
® RDT&E Reliability Investinent Analysis and Life Cycle Cost Impact
® Production Program Reliability Investment Analysis

® Parts Screening Cost Model

o Product Screening Cost Model

[ ]
Life cycle costs as referred to and utilized herein have been simplified to include only
the equipment recurring field maintenance costs/savings hased on maintenance man-
hours and replacement material excluding all othor logistics support cost factors,




2. SUMMARY

Reliability Test Investment and Life Cycle Maintenance Cost

A mathematical model is derived relating the cost factor variables as-
sociated with reliability growth testing with selected factors identified
as impacting equipment life cycle maintenance costs, Using the vari-
ables selected, the model developed permits determination of optimum
reliability test investment within the context and limits of stated simpli-
fying assumptions.

Computer Program for Reliability Test Investment Analysis

The above model has been generalized and refined into a computer
program capable of evaluating optimum reliability test investment, di-
mensioning MTBF goals, estimating test schedules and testing the sen-
sitivity of reliability factors for a variety of given conditions.

RDT&E Reliability Investment Analysis and Life Cycle Cost Impact

The APQ-113 RDTRE reliability program elements are dimensioned in
terms of contract value to size the investment required to achieve de-
manding reliability requirements. The attendant cost leverage of
reliability investment to maintenance savings is also presented.

Production Program Reliability Investment Analysis

The value of parts and product screening are .- <9ossed based on savings
attributed to the relationships of costs of failures in the factory versus
the field and the associated failure rates experienced for the APQ-113

program.

3. RELIABILITY TEST INVESTMENT AND LIFE CYCLE MAINTENANCE COST

a. Introduction

Reliability tests cost money! Maintenance of unreliable equipreent over its life-
cycle costs a great deal MORE money. The guestion arises: "When does the incremen-
tal cost of MTBF inmprovement through reljability growth testing egual the incremental
saving in maimenance costs over equipment life-cycle by doing s0 7" This question is
analyzed in the following model derivation which permits establishing guidelines for
cost,/resource management.

L. Derivation Model

The model is derived in torms of MTBF; however, for convenieonce the rosulting
expressions are also shown in terms of Gatlure rate (A).

As described in the Alpha Derivation subsection of this report, the reliability
growth of an equipment during RET can be mathematically expressod by the following

equation:
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M = MTBF measured after t hours of testing which is assumed to
remain constant thereafter

where

M, = MTBF initially, at time t,
t = Accumulated test time
a = Slope of reliability (i.e., MTBF growth curve)

To evaluate Mj use the "10% Rule" of RPM, i.e., when t; = 100 hours, M = Mp/10,
where M o is the predicied MTBF.

Then
M o
-2 o)
When a = 1/2 (a value demonstrated in several test programs)
M 172
M = 1—0% t (23)
and solving for t
4
- 10 M2 (24)

Mp

Let k' be the cost of performing reliability tests in $/hour, and C be the total test

cost in dollars.
q, 2
4 K'107A
o kot _ .1 1
C = k' T or _J‘E‘ whore M =5 and M, 7‘1: (25)
p
Equation (25) is a parabola C/M or a more complicated function CWA).
f {
C % OoR (W
e - ad
M (KRS} A (FAILURE /KRS
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It follows that the incremental change in cost, dC, caused by a change in MTBF,
dM, is:

4, 2
'10% A
ac _ 2x'10° or dC____zk0 P
W-TM o ——,\3—_ (26)

P

In a life-cycle of T hours of operation of an equipment, 10T/M maintenance
actions will occur, *

Furthermore, a reasonable average cost of a basic maintenance action is $220%*,
Then the life-cycle cost of maintenance in dollars is:

§ = (220) (10); = 22003; or 2200AT @)

where

J

3 = Total maintenance related life-cycle cost, excluding items
identified in the footnote.

Equation (27) is a hyperboia in M or a simple straight line inA.
? ‘*

StS) S{9)
OR

M tHéSx A (FAILURES/HR)
Model Simplification Assumptions: (Precautions for model use are provided oa page 61.)
@ Oparationa]l maintemance tasks are proportiosal to test MTBF,

® Field MTBF is 2 constant rolated to test MTBF - this also assumes that field
stresses are constant,

® The average cost of 2 maintemance task is $220. R is recognized that individ-
ual tasks vary, lased on difficalty.

Equations {25) and {37) are plotted below for typical values of the variables, related
to GE/AESD experience with actual Alr Force programs.

*The ratio of factory demonstrated MTBF to the 66-1 reported field M rate i5 approxi-
mately 10:1 (See Field Performance Analysis)

**This cost is only maintenance man-hours and replacewont material excluding all othor
logistics support cost factors.
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The rate of change of S with respect to M is
dS _  2200T a8 _
i ._.h?_.. or I = 2200T (28)
with the minus sign denoting only that S decreased as M increases.

Equation (28) gives the incremental savings, dS, due to increasing M by an amount

daM.
Upon equating (26) to (28) and ignoring the minus sign:
a 10t . 22007
—y— M= ==,
M M
p
- , \ 173 /3
1.1 ™ wi
and M = _"T’GEJ or A= —-ﬁ%— {25)

Equation (29) determines that value of M whore the slope of curve C equals the
slope of curve S. Also, eguation (29) determines that value of M where the cost of
reliability improvement through test equals the life-cycle savings, when:

1) The 10% Ruie applics (RPM).

2) = 172

3) Test cost is assutned to be proportional oaly to test time,
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4) The number of maintenance actions in field is 10 times the factory-
demonstrated MTBF.

5) The cost of each maintenance action is $220.
The above model equation has been generalized, making it independent of the above

five restrictions and refined to include the following additional variables in a computer
program:

1) Nonrecurring cost of test equipment

2) Nonrecurring cost of equipment under test (recoverable with reasonable
refurbishment)

3) Recurring cost of Corrective Action relating to test failures/problems
4) Calendar time to achieve the indicated MTBF

This computer program, called LIFCO, allows one to optimize resources again:t
a variety of rationales. Examples of the model capability and application are:

1) Determining the optimum reliability test investment based on mainte-
nance life-cycle costs for a given program force structure.

2) Dimensioning equipment MTBF goals based on optimization of reliability
test investment with projected maintenance life cycle costs.

J) Estimating the test program schedule time required to achieve the
specified MTBF based on the resources allocated.

4) Determining the impact on reliability test investment, life-cycle cast
or MTBF achievement by changing any of the program variables.

IMPORTANT PRECAUTIONS TO BE OBSERVED:

Some very practical considerations must be applied to effectively use this theoret-
ical model:

1)  The equipment MTBF that can be achievad through R growth testing is
limited to Uat pradictable within the test stresses applied, using real-
istic failure rates tased on Mil-Hasdbook-217, and constdering con-
tractor and Alr Force experience (refer 1o RPM Criteria and Con-
straints, page 27).

2) Recognition Uat some design changes introduced to incraase reliability
(MTBF) could resull in higher equipment nuinterance costs. The come-
pater program permils selection of any average cost of 2 uaintemange
action.
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3) Many factors unrelated ‘0 equipment reliability (MTBF) impact the total
cost of field maintenance and need to be excluded when analyzing the
worth of reliability investment in terms of field mainterance savings.
Typical of other factors governing maintenance costs are: equipment
utilization, personnel skill and expericnce, base manning levels, main-
tenance policy, and spares and support equipment availability.

4) Only the mmter of field maintenance actions resulting from equipment
failure directly relatable to equipment reliability should be used in pro-
jecting life cycle maintenance costs/savings. In the computer program
provided, the factor (MAF) permits conversion of test MTBF (M) to any
desired value of projected {icld MTHMA.

4. COMPUTER PROGRAM FOR RELIABILITY TEST INVESTMENT ANALYSIS
PROGRAM LIFCO
LANGUAGE  BASIC
MACHINE GENERAL ELECTRIC MARK II TIME SHARE
DESCRIPTION
This computer program, using the identified variables, relates reliability test tu-
vestment cost to fielded equipment maintenance costs, based on test achieved MTBF.

TEST TIME (Hours)

VIR
U o t, 2!
a i: M :
=1
where
‘i = Initial accumulative hours (kmpirically established at
= 100 hours)

M = Initially sbserved MTBF (a1 ti)

M, = Testachieved MTBF (the program calculates 3, as a
perceat of Mp)

M« Predicted MTBF (See Note)
2 =  Reliability growtd siope {practically constrained to 0.6)

NOTF: U per RPM, the predicied MTBF M, = 125% of the required MTBF, then cost
tradeofl analyses based on the computer model should be wade at the point

B, = 0.8 M,
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TEST COSTS (Do'lars)

C ¢ T
where

TC

CAC

TA

NRCTE

{TC) (ta) +CAC (;a) +7TA + NRCTE

a4

Test Cost in $/hr of test
= Ccrrective Action Cost in $/hr of test

= Test Asset. Coct (value of nrime equipmen. conrsumed in *est
or refurbishmant cost whenr not consumed)

a

N¢ recurring test equipmeut costs

SERVICI” COSTS (Dollas's}

Cs =
where
Ch °
MAF =
T =
& o=
where
N
p
F

(%) (MAF) (T)

— e =

a

Ce t per maintenance action 3)

Maintenance acts/failure {*his factor ix used to cenvert teat achisved
MTBF | 11) to projected fiel MTBMA, l.e., MAF =

M, /Fiold MTBMA)

Equipment field life cyole ln hovve

(N) (P) (¥}

= Number of aircraft arograsmmed osv depioyed
v Field life cyele in yoars

= Flight hrs aivcraft ‘pay

CALENDAI TIME (Monti. -}

Y =
whore

X =

h. ¢ e

Hours por menth of effactive test Lime

& b ]
(x') “\3) )

€3




where

X, = Available test hours per month

%

E = Number of equipments concurrently on test

Eificiency in terms of decimal ratio of time utilized versus
time aveilable

]

The program permits a variety of input/output options ard routines by varying a
single input over a wide range of values to determine the model's sensitivity to that vari-
able or to establish a family of cost and cost ratio relationships between selected pro-

gram variables.
INPUT (Attachment I ~ Tvpical Input Statement)

A selection of (1) a base case resident in the program or (2) individual inputs of
18 varistles, Description of the variables is as shown on preceding pages.

Computer
Program
Sywmbot Descripion of Variably _Variable
Mp Predicted MTBF in hours A1)
C, Cost per Field Maintenance Action in § A2)
TC Test Cost in $'hr A(3)
T Life Cycle in hours Af4)
N Number of Aircrall Programmed or Deployed A(6)
Equipmesnt Field Life Cycle tn yvears A(T)
¥ Fiigiw fours “Adcerval fYr A(B)
MAF Maienante Acts ‘Failure A(S)
a Aluhag a8 & decimal AlS)
4 faiti~l Accuaniative Tost Hhaers A{td)
LN Initi+} BTBF ¢ hovrs AR
CAC Corrective Act..a Costs in $75hr of Test A{L3}
TA Test Assets i 3 A1,
NECTE Yichr verring Test Squiptirent Costs ta 3 A1)
X Bfective Test Huars ser Mosth AlL8)

4
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Computer

’ Program
Symbol Description of Variable _Variable
X1 Available Test Hours per Month A(14)
X2 Test Hour Efficiency in % A(L5)
E Number of Equipn:ents on Test A(16)
OUTPUT

The program output is selectable in terms of a detailed printout by 10% increments
of MY'BF zchieved (My) with a minimum total cost program caiculation or only the 100%
MTBF achieved and minimum cost printout. The output is also selectable in terms of
dollars of test and service costs (Attachment II) or ratios of test and service cost per
hour of MTBF achieved (Attachment IIT),

AL
G TR &

T A
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ATTACHMENT I
- LIFCO -
TYPICAL INPUT STATEMENT

TBG YOU WART TC CALC AVAIL TEST HRS...YES-14,NO-2

2 1
" AVAIL HRSTPER KC
2890

TEST EFFECILNCY IN %
L2 854838

NOSCF EGUIPKENTS

7 &

WIBF PRELICTED IN HRS

2 18 . _

COST PER MAINT ACT 1N $
eeg )

TEST CGST IN $/HR

7. 15

LIFE CYCLE IN HKS

£0 YOU WISH TO CALCULATE., YES=~1,.N0~E
? 1

N0, OF A/C

2 1000

NO. OF YRS LCC FIELU

2 10

FLT BRS/AC/YEK

7 250

MATNT ACTS/FAILURE

72

ALPYA AS A LECIMAL i

LG YOS WISH TO CALCULATE ALPHAL YES-1,.NO-2
? < _
1:PUT YCUR OwWN VALUE

2 42

ACCUY, HES=INITIAL

? 100

INITIAL ¢ TEF

? 17.8

CORFECTIVE ACTICN $/HF

AS A FUMCTICM GF TEST COST ANL ALPHA=-1 CK FIXeb-2

7l
INPUT rFix.i VALUL
? 45

TEST ASSETS %

7?70

MC TE B

7 L£000U

PRINTOUT SLLECTIC(N. o CONPLETE=144o0F MINS-2
7l .

Ch‘”x()ts“l X Oo(-f- RATI(S-‘Z
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MTBF ATTAINED BY INCREMENTS OF PREDICTED

ATTACHMENT II

- LIFCO -

n e e e S S S TS S R e WP R M e e T R R G R R R e WP T D e R e Y e M e e e e e e - -

17.8 T-HCURSTI0YT 100"

PMIBFCLYs 7 17%

ALPHAks>'

0.0 _'.5 .

I-MTBFCIT) e

FIX E'wcSS FACTGRCIS): O FIX E'VITY FACTOR(20): 0O

Liez

CYCLE(A):

“RIAT ACTS/FLR(S

TEST ASSLTS-$Ct1)s

2 S/MA(2)Y

<

AVAIL TEST HRS-C1G) s

ARS /N0 KVE(l4)s

U NKC TESCI2): 220000

359,96

2500000 NOLA/C(6)s

1000 "NOLJYRS(TYY

10 FH/AC/YR(B): 250

220 TC-$/HR(3)¢ ™75 CAC-3/HK(13): 45

60U TeST erF Z(15)3 33,33 NCL.OF EG'SCl6):

2

e - e N T e W G 4 TR T S e P e YR G TE W G G e W LR MR s S W R R e e e e e e

MTer ATTAINED

4U

50,

6U.

SuU.,
10V,

11J.

NKS  MOS
17.3 0.3
35.6 1
53,4 243
71,2 4

89, 6.3
106,89
led, 6 |
la2, 4 16
L6082 €03
178, 5
1950 3043

$

232000
266000
323000
412000,
520000,
652000,
20%000,
983000,
Lo102E+6
o aLk+6

1. 6TER+E

$

61797753

‘3.0BOBIE+T

20599251

1454494E+7
1, 23596E+7
1,02996E+7
G.82325E+C
T.724772E+6
6866417

6, 179THL+E
S.61T9&E+6
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TEST CHARGES SERV CHARGES TCTAL

62029753
3. TL66S5E+T
20927251

1 S58ETAEHT
1 EBT96E+T
1 09516E+7
9.65625E+6
B.T12T2E+6
8058417

T459978E+6

T.08953E+6

RATIO
S$/7%

266, 4
1153
62,¢
37,5




ATTACHMENT I
- LIFCO ~
VARIATIONS OF LIFE CYCLE COSTS OVER A FORCE STRUCTURE RANGE
10,000 HRS - 2,500,000

----------------------------------------------------------------

STBF ATTAINEL ~ 7 TEST CRaRGES SERV CHARGES ~TOTAL RATIO
% _ RKS MOS $ % $

BO . 142,4 16 9BBOOO  7.A15TIE46  E.40373E+6 7.5

VARIABLE NO.- 4 2400000

10 17.8 0.3 232000 59325843 59557843 255.1

95 14z.4 16 988000 6,1797BE+6  T,16778E+6 6.3

VanlABLE 8C.- 4 2606000

10 1T.5 0.3 ©32000  A.94382E+7  4.96702E+7 213,

£ 142.4 16 948830 _A.,943B2E+6 5.93182E+6 5

VAFTALLE NG.- 4 1600000

1o 17.86 0,3 232000 39550562 395782562 170.5
30 142,4 16 988000 $,08989E+6 4,07789E+s 3,1

VAKIABLE NO.- 4 1000000
10 17.8 0.3 232000 2,4T191E+7 2,455 1E+T 106.5

80 142.4 1§ 9880307 7 1.BSIWIE+E T 2,BAI9IL+6 1.9
VAKLIAELE NO.- 4 600000
D07 T 17.877 003 0 2320000 T 1.4B3ISEFT 1,.506355+7 3,9

----------------------------------------------------------------

CAOL Chlit= 1 yCHANLLS=2,MULT CKNG=3,PRINT VALUwS=4,abi~5
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ATTACHMENT III (Continued)

. ~
36 7 142,47 16 988000 °  6I7STB., 77 [1,60598E+6 (0.6
" VAETABLE NOW+ 4 200000 CoTTTrTmTmTm o o e
10077 717,88 70.3 2320060 T 4 SATB2ERE . S5,1T582E+6 T 21,3

80 142747716 988000 = 24TIST. ™ 777 "1.23513E+6 0.3

VAKIABLE NO.- 4 80000
1077 17.8 0.3 232000  1.9TTS3IE¥E"  Z,20953E+6 8.5

30 7 142,47 1% 982000 123598, 7 7 1,1 1I6E+€ 0.1
VAFTABLE NC.-"4 40000 T TTmTm e T
10 7T 17.8770.L3 232000 988764, ' 1,22076E+6 4.3
g0 laz,a 16 935200 30898.9 1.0189E+6 0
VAF1ABLE NG.= 4 10000
- U 17.8 0.3 232000 247151, 479191, bl

CASe CHNG~1,CHANGES-2,MULT CHNG-3,PRINT VALUES=-4,END~5
"
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5. RDT&E RELIABILITY INVESTMENT ANALYSIS AND LIFE CYCLE COST IMPACT

a, Objectives

The primary objectives of this subsection are to relate the reliability investment
costs required during the RDT&E phase of tne APQ-113 development program to the to-
tal RDT&E program costs. Having established these, the relationships between invest-
ment and field maintenance savings are portrayed and quantified,

b. Summary

On a new, high performance aircraft avienics program, where the reliability re-
quirements are demanding, an investment approximately equal to 20% of the RDT&E
nonrecurring program costs is required for reliability disciplines and practices. Relia-
bility evaluation testing (RET) alone accounts for 55% of this investment; however, sav-
ings in field maintenance in the order of 50:1 are projectable for just this portion of the
investment, depending on the size of the programmed force structure and achieved
equipment MTBF,

c. Investment Analysis

To structure and dimension the reliability cost model, the APQ-113 program ele-
ments and costs were analyzed and related. In order to afford an orderly and generally
applicable model, only the nonrecurring RDT&E costs were selected, while costs asso-
ciated with prototype fabrication - labor, meterial, etc. - were excluded because the
quantity of equipments normally varies from program to program,

It was deemed appropriate to subdivide the costs into three basic reliability
RDT&E categories:

y
1) MIL-STD-785 Pre-release Reliability Practices. Provides for relia-

bility involvement and considerations throughout all aspects of design,
development, and production and assures that the specified reliability
performance requirements can be met. These practices generally en-
compass the following areas of reliability control:

® Parts Reliability - Preferred Parts - Evaluation/Qualification Tests

& Reliability Apportionment

® Reliability Predictions

® Design Techniques - derating, stress analysis, redundancy

® Worst Case analysis

® Failure Mode and Effects Analysis

® Reliability of Critical Items

® Design Reviews
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& Manufacturing and Test Reliability
® Evaluation Tests
2) RPM Growth Program. Includes reliability evaluation testing, with
associated failure analysis and corrective action. This program must
be structured in consonance with the optimization routines presented in
other sections to maintain the relative cost relationships.

3) Reliability Qualification Test. Cost associated with performing the final
demonstration test of achieved reliability.

NOTE: It is paramount to recognize that reliability growth to the predicted level is not
achievable if the reliability disciplines identified in MIL-STD-785 are not im-
plemented. Similarly, total reliability achievement can only be obtained
through a properly structured reliability evaluation test program.

The APQ-113 RDT&E cost structure analysis has indicated that an investment in
reliability disciplines approximately equal to 20% of total nonrecurring RDT&E cost is
necessary to achieve reliability compliance prior to production. It is important to rec-
ognize that this 20% ratio is applicable to a 100% ne- design release. Designs with dif-
ferent degrees of design inheritance may require other ratios of reliability investment to
RDT&E program costs. It is probable that the relative percentages will increase.

The 20% reliability cost of RDT&E progrems is composed of a set of elements within
the three primary ones, discussed earlier, dividing the costs as follows:

® 5% for prerequisite MIL-STD-785 Pre-release Practices

¢ 4% for Reliability Qualification Tests

o 11% related to Reliability Evaluation Tests

The evaluation tests are further segregated into two principal categories:
® Cost of Test

® Cost of Failure Corrective Action

Test costs accounting for 6% of RDT&E costs include the cost of:
® Test Equipment

® Test Facilities

®  Test Labor

® Repair Costs

® Test Monitoring and Planning
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The 5%, costs attributed to corrective action, consists of:

9 Engineering Design Evaluations

® Reliability Parts Failure Analysis - down to failure mechanisms
® Quality Assurance ~ workmanship failure assessments

® Cost of Corrective Actions - part vendors, engineering redesign,
manufacturing changes

The reliability cost model derived from the APQ-113 is depicted in Figure 17. It
has been found that costs do not relate to achieved MTBF on a straight line basis for
several reasons. principaliy:

1} Systematic failures detertion rate decreases per unit of test time.

2) Failures detected in the later test phases are normally complex requiring
more analysis and more in-depth corrective action than eariier failures.

20
RELIABILITY QUALIFICATION
TEST ACHIEVEMENT
Sr 16 RANGE [=—
-4
28 CORRECTIVE ACTION EFFORT
=g U3 DESIGN, U3 WORKMANSHIP, 113 PARTS
e RPM
22 11— GROWH
[+
zq PROGRAM RELIABILITY EVALUATION
- TEST
o2
=2
g2
FET

%OA;*; PRE-REQUISITE

‘ MIL -STD -785 PRERELEASE

10% OF PRACTICES

PREDICTION
10% % PREDICTED MTBF 100 %

— BASED ON APQ-113
EXPERIENCE

Figuwre 17. RDT&E Reliability lnvestment Cost Model
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The model in Figure 17 illustrates several of the relationships discussed in this
study:

® MIL-STD-785 is a prerequisite to reliability evaluation testing.

@ The 10% initial performance even after all the pre-release disciplines
have been implemented.

® Thel/3, 1/3, 1/3 failure distribution constraining the initial performance.

® The separation of the RQT and RET with the RQT being the customer proof
test and the RET being the contractor growth testing.

® The "achievement range" indicates the variability in the dollars to MTBF
relationship.

d. Life Cycle Cost Impact - High Performance Aircraft Avionics

Reliability growth programs are not cheap - but can result in significant savings to
the end user. This section evluates the leverage which an investment in reliability
growth testing has upon life cycle maintenance costs.

Application of the cost medel through the use of the LIFCO* computer program
has provided a variety of analyses. The two most applicable are reflected in Figure 18
and Figure 19 based on data inputs shown on page 66, representative of the APQ- 113
example.

In Figure 18 it can be seen that a mialmum savings leverage for this example is in
excess of 50:1, i.e., ratio of dollars invested in the reliability growth test to the savings
projected considering maintenance costs, at $220 per mainterunce action. The ratio is
obtained by comparing the net cost of maintenance (61M - 7.7TM) = 53.3M vs 1M invest-
ment = 53:1,

This savings is lased on the difference between growth test achieved reliability and
the off-the-board initial test reliability at 10% of predicted. Typical deployment periods,
flight hours, and aircraft inventory were used and are identified in the sampie computer
printout.

Roadily seen are the rapid recovery of test investment cost and the significant
savings in maintenance cost assuming that the MTBF improvement realized persists in
field performance, Not reflected in the maintenance cost are the additiomal logistics
costs associated with low reliability, e.g., spares, AGE, mission effectiveness, main-
tenance facilities, aircraft down town, training, changes, all of which would serve to en~
hance the value of the reliability test investment,

Figure 19 portrays the effects of a given MTBF on field maintenance cost and re-
lated reliability test investment costs, stressing the importance of specifying the opti-
mum achievable MTBF requirement and assuring compliant reliability performance,
Figure 19 is based on the same quantities as the inputs for Figure 18 and the total sav-
ings are based on costs of $220 per maintenance action,

*LIRCO - Anacronym for the GE program developed for this study.
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TEST COST - sm

TEST & MAINTENANCE COST - #2

71 +70
LIFECYCLE (YRS -~ 10 )
6 1 FLIGHT HRS/ AICI YR - 250 "
COST/MA - $220
5 | £X. 1000 AIC %
SAVING LEVERAGE 50:1 '
B = 16 AIC =
41 “§ REAKEVEN" H) #
I
3]
3. 30 o
Q
=
2
21 20 5_
3
! 10
973K R INVESTMENT
EVALUATION TESTING
1 b T T T 100 ¢
16 AIC 100 A/C 500 AIC 1000AC

FLIGHT HORS (X 1641 HIGH PERFORMANCE AIRCRAFT
Figure 18. Maintenance Cost vs Flight Hours

SAVINGS S3MILLION

60 1
{ LEVERAGE - 50:1
50 1 H
. 4 MAINT COSTS 18 HRS COST - 143 HRS COST
| 4 TEST INVESTMENT TEST INVEST & 143 MRS
;
0 | IN SERVICE L AMTEM
| MAINTENANCE K o
’ COSTS
301 t
i
{
x )
¥
i
10 ,
R INVESTAENT X
} {GROWTH TESTH \;
PRE e . :
0 Q 0 & 100 120 )

TEST ACHIEVED ATBF IN MRS

Figure 19. Relfability Growth Test Investment versus Life Cycle Cost
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6. PRODUCTION PROGRAM RELIABILITY INVESTMENT ANALYSIS

a. Introduction

Equipment reliability performance and achievement is largely determined by the
decisions and investment: made during the RDT&E program phase. However, to com-
plement and sustain the RDT&E program investments and achievement requires con-
tinued disciplines throughout the production program.

Two of the significant production program disciplines discussed in this report as
essential to meeting the APQ-113 reliability requirement were:

1) Parts Environmental Screening
2) Product Environmental Screening

The objective of this part of the report is to dimension the cost effectiveness of each of
these disciplines as apnrlied on the APQ-113 program.

NOTE: Cost of failure values used herein were not derived as part of this study. The
numbers wer. obtained from factory and field sources and are judged to be
reasonable based on being best estimates of the user's experience. Expressions
derived utilizing these numbers have been presented in general terms in order
that they may be evaluated over a range of input values.

b. Parts Scereening and Burn-In
INTRODUC TION

The APQ-113 program utilized high reliability parts based on having a contractual-
ly enforced demanding equipment MTBF requirement, At the time of the decision,
cost effectiveness was a secondary consideration to meeting the contract require-
ment. This section evaluates the merits of parts screening based on the improved
part failure rates experienced, and cost of part failures, comparcd to the additivn-
al average cost of a screcned part. One objective of this analysis is to demonstrate
that it is cost effective to idemtify and remove part fajlures at the point of lowest
cost per failure, which is the part manufacturer. Another objective is 1o show thal
the higher material costs of screencd parts is largely vffset by reducod equipment
narufacturing costs.

It is recognized that many facters contribute to the cost of a screoned part includ-
ing part type, lot quantity, and type of screening required. The APQ-113 parts
screening cost amalysis is based on the practices desceribed in Table X1V in Section
1 and the cost of parts screening at an early stage of its development,

CONCLUSIONS
This study has concluded that use of high reliabillly mrts on the APQ-113, neces-
sary to meet the contractually specified MTBF, also had positive economic payoifs

over and above the higher material costs initially incurred by the radar manufac-
turer.
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COST ANALYSE

The cost effectiveness (E) per radar of using high reliability parts versus standard
parts is expressed in the following equations, which relate the costs of implement-
ing high reliability parts into equipment, to the cost savings achieved in the manu-
facturing cycle, at platform and in the field, These savings are based on the ex-
perienced failure rate differentials between high reliability and standard parts at
these levels and their relative costs of failure:

Factory Platform Field
f ' ) 1
E - Q [C1 (Pl-Pz) + Cz(Ps-P4) +AC3 (P5-P6) +C4 (P7~P8) +C5(P9-P10)}
cxQ (30)
and
Savings per equipment: § = Q C, (P, - Pz) e = CXQ (31)
where
E = Cost effectiveness of high reliability parts per equipment -
(it E >1, it is effective; if E <4, it is not)
APQ-113
Experience
C = Average additional cost of a high reliability part over $1.00
a standard part
Q = Quantity of parts per equipment 10, 70¢
P = % failures - standard parts® - at Incoming Test 3%
Py = % failures - standard parts® - at in- Process Test $%
P = % failures - standard parts® - at RAT .02%
P, = % failures - standard parts*® - at Platform . 03%
Py = % failures - stangard parts® - in Flield (1 yar) 8%
P, = % tailures - high reliability parts - at Incoming Test 6%
P, = % failures - high reliability parts - al In- Process Test . 08%
Pg = % failures - high reliability parts - at RAT .003%
Py = Tfailures - kigh reliability parts - at Platform L0V %

*The values used for standard parts in the APQ-113 example were estimated based on
GE experience on other programs.




APQ-113

Exp arience

= % failures - high r-‘ability parts - in Field (1 year) .06%

>
n

% of systems presented to RAT 30%

Cy = Avg. costof failure in § at Incoming Test (excl, Mat'l}  $16

Cy = Avg. cosi of failure in $ in-process test $150
(:3 =  Avg. cost of failure in § at RAT $300
C g = Avy. cost of failure in § at Platform $2500*
Cy = Avg. cost of maintepa:ce action in § iu Field $220

The above equations can be generally applied to any program with applicable ar
projected costs and percentages. The average failure percentages and costs for the
APQ-113 are reflected adjacent to each factor.

Note that the field contribution to the savings is limited to one year of projected
failures. This is because the percentage of part failures was taken frem one year's
APQ-113 f{icld expertence and the fallacy of projecting forward at this rate.

The “E - elfectiveness - of Ligh reliability parts for the APQ-113 is therefore
caleculated as follows:

E o 107001816 (3%-0. 6%) - $150 {0 4%-0. 087 - 30 x $300 (. 02%-.003%)"

$1T00°x 10,700
. 10,700 $2500 (.03%-.08%) 10,700 3320 (. 18%-.06%)

$1.00 x 10,700 $1.00 x 10,700
E =« 1.6
Therelore, E bemg - 1, the worth of high reliabilily parts 15 positive. and was

effective.

I the exatiple provided, the distribution of savings atcurs 25 fallows:
Factory Platdorm  Field

[ o ASavings Part B8 . 30 . .27 1.6%
* A Cost Pant Y o T

This shows that the investment in high reliabilily jarts ts sot fuliy recovered i the fac-
tory, duering equipment manufacture, reselting iy thig case 10 a net 127 higher recurring
cquipment matertal cost amounting 1o $1300 per radar. This would amourd to less Gan

*Based 60 2 parts failurce distribution of two part failures during ground installation and
checkout for cach part fatlure during flight, at platorm level.
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A .

one percent of the procurement cost of a radar of this type to implement ~ 100 percent
screened maicerial. Even if higher squipment procurement costs are indicated, the ue-
cisior to use high reliability parts is cost effective based on the total savings available
when including those projected at platform and field levels.

Calculating the achieved overall savings ner radar by substituting APQ-113 “ilues
into equation (31):

S = $17,700 - $10,7¢" = $7000 sav.ngs per radar,

Projecting this savings across the entire APQ-113 radar pr gram for the 359
equipments delivered amounts to a total savings of $2.5M. By further projecting this
across the eitre APQ-113/114/144 quantities, hy utilizing tl e APQ-113 cosis and per-
centages, a ne ~wvings of 560 x $7000 = $3.9M can be pro .cled.

¢. Value of Product Fravironmenta, Screening

APQ-114 program LRU burn-in proved “n effective test screen and failure pre-
cipit.tor as discugsed ir the failule distmbuaion part of the Reliability Production Pra-
gram Analysis section. i fact, tiw eou ament’s MTBF requirement wouid not have { e
achieved nor sustained without it.

Caleulating the relative w1 in dollars of performing product envirenmentat
screening at factory *est, ag epposd to the costs asseciated with not performing the
test presumes that potertial failures not found at factory test will occur w the tield
necessitating correction at a higher cost per failyre. Tie axlysis presomted s ased
on the product screening des: ribed in Section I, pages 123 through 120

In dimensionirg the cost (radeotis. the following elements warrant evalnation:

T Investment Uasli Noarscurring faeilities, Test Egwipment, Test
Engine. <nz 2nd Planning

T Burn- nteg cos's per cquipment processed: Recusry g cosly
assod a.< with periorming the test

C Fact ~ costof = bars © Bilupe: Cost uf troubisshooting, rewiring
s s evpuvessing

Pt o castoF a fatlure

l’::z Cost of a platform fallure under growal level checkowt ambiems
romditice.

Cs Cost of a 5 form allare onder aircrall seli figt envisoumonta!
vonditions

Q Quantity of radury grocessed
Factary burn~in £ lleres: Petlur~s p o radar

Platforms faileres: Madures ser adar attributed ust to the . suit
of nat kaving perform:< ciory product screening




P Percent (decimal) of factory burn-in failures that would have
escaped aad occurred in the field at platform level as a result of
not having performed factory burn-in

The above elements may be related in the following general expression which is
structured assuming that screening is economically worth doing if the total cost of
finding the failures in the factory is less than the cost of finding the failures at the field
platform level.

Factory Cost < Field Platform Cost or I+ Q(T + FIC) < QF2C1

Note that the actual contribution of field failures beyond the platform level has been
ignored since the platform level, like factory bura-in, provides the initial equipment
environmental exposure. Also omitted from this equation is the cost of aevelopment and
implementation of technical corrective action which is an independent analysis based on
its contribution to reliability growth and the resulting etfect of reducing both factory and
field failure levels,

To estimate the tradeofis in cost effectiveress without knowing Fg, the percent of
the factory burn-in failures that woul¢ escape and fail, (P), times the factory failvre
rate (F1), cr PFy, may be substituted for F3. This permits solving the equation for P
or examining the tradeoffs available based on varying assumed values of P,

Based on the cost per {ailure differences existing at platform in-process and flight
test levels, the F2 platform failures are broken into two primary components expressed
as:

F2 = FA + FE
where

F AT Platform failures occurring at ground level check-out ambient
conditions

FE s Platform failures occeurcing under flight eavirommental
conditions

‘The general expression can now be resiated as {oliows:
LeQIY-¥ 0]« QPIF,C, » Fi Q)
flustration, taged on APQ-113 "114 7144 data:
T = §500K
Q = 560 radars
T o §32.5K'radar
Fl s S}failuresx’m.dar (Rgf. Figare 47 - nole this number ranged as
high as 10 failures. radar whon bure-in was fiest Initiated and

coutd be used as representing the worst case of aot instituting
twrtein)
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C = $150/failure (avg)

C2 = $1000/failure (avg)

Cy = $5000/failure (avg)
Assuming

Fy = (Fy +Fp)

then for this example it is estimated that

A 2 and FE =3

based on factory experience where environmental testing nrecipitates 50% moxe failures
than ambient test. This apportionment was also observed in the distribution of the
APQ-120 platform faiiures.

F

Setting the factory costs equal to the field costs and solving the equation for P
yields:

232 x 10" _ 024

952 x 10

P =

This result means that under these conditions, the product eavironmental screen-
ing investment would have been completely amortized if only 24 percent of the factory
burn~in precipitated failures had escaped to fail at the field platform level. Evidence
that more than 24 perceat of the factory burn-in failures would kave vecurred at plat~
form leve!l is provided in the study data (Reference Figure 53) where it is shown that 40
to 80 percent of the LRUs tested failed burn-in with upproximately 40 to 50 percent of
the failures occurring during the first temperature cycle.

'sing the general expresxicn developed and the dimensions of the APQ-113 exam-
ple indicates a potential 4:1 cost leverage advantage to performing factory product
environmental screening. asseming all of the burn-in failures escaped and failed at the

“glatform level. While not all of the factory burn-in failures precipitated would have

escaped and failed at the platform level, this is considered a reasonable estimate of
available cost leverage based on the average defect rate of 5 failures per radar used in
the calculation, which is considerably less than actusl injtial bura-in experience of 16

failuree pev radar.

It must be recognized that the cost savings projected cannot be realizad without an
increase i equipment manufacturing costs. The estimated size of the increase is dim-
ensioned 1§ follows:

1+4Q(T FXC)
Factory Costs/Radar = —

=~ $4000/Rudar
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This amounts to roughly 2% of the procurement costs for a radar of this type, but based
on the projected savings it should be treated just as a reallocation of costs to the equip-
ment manufacturing level, where the cost of finding and fixing failures is a minimum,

Annther alternative to examine using this example is portrayed when factor
er.reening is not performed, i.e., I +Q (T + FC) = 0 and the given five failures radar
do occur at the platiorm level, in the same assumed distribution; then:

FM_C‘ + FEC3 = $17,000/Radar

I'sihg the values provided in this analysis indicates that there is a possible savings of up
to $13, 000/Radar by performing factory LRU screening.

A'so important to note is that the APQ-113 values used in the example to estimate
the value of product screening are not independent of the positive effects of parts

screening.
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SECTION 1l
RELIABILITY PROGRAM ANALYSIS

A. INTRODUCTION

This section describes the APQ-113/114/144 Attack Radar reliability program
elements, disciplines, and results during the RDT&E and production contract phases.
The objective is to identify, analyze, and dimension the primary reliability program
elements incorporated and their contribution to equipment MTBF achievement.
Comparisons are drawn between the APQ-113/114/144 and the APQ-120 radar reliability
programs as data availability permits. Reliability evaluation and qualification testing
programs are analyzed separately in Section IV.

B. SUMMARY

® Pre-Release Program

Analyses are made of the APQ-113 RDT&E reliability program experi-
ences including the reliability program specifications, analytical MTBF
predictions, and part standardization and application.

® Reliability Tradeoff Decisions

The decisions presented and analyzed contributed most offectively to
equipment MTBF achievement and involve the tradeofls made in material
quality lavels, proeduct complexity, and product and subcontract item
cavironmental screening.

¢ Production Rellavility Program

The reliability program elements influencing, controlling, and measur-
ing the APQ-113/114 144 manufacturing production program are gvalue
ated. The eloments evaluated include the equipment dosign maturity at
timeo of release to manvfacturiog, the production test program structure
ostablished, the resulting failure distributions and porformance measuro-
ments, and the roulines utilized for techrical problem ideatification and
solution.




C. FINDINGS AND CONCLUSIONS

1. PRE-RELEASE RELIABILITY PROGRAM

a. Findings and Observations

The APQ-113 challenging MTBF requirement and its strict customer
enforcement were primary factors influencing the program direction
and success.

APQ-113 equipment MTBF initially measured in reliability evaluation
test was approximately 10 percent of that predicted.

APQ-113 part failure rates used for predicting the equipment MTBF
were achieved in Reliability Qualification Test.

Eighty percent of the parts selected for the APQ-113 radar were com-
pliant with the prime contractor's Preferred Parts List.

The APQ-113/APQ-120 part drawing standardization was approximately
1.9:1,

Both the APQ-113 and APQ-~120 parts were applied within their estab-
lished derating criteria.

b. Conclusions

Challenging achievable reliability specifications should be derived, based on re-
quired equipment functional capability and considering optimization of RDTLE rellability
program investment with projected equipment life eycle maintenance costs.

Demanding reliability requirements are essential to optimize equipment reliability
capability, constrain design complexity, necessitate seloction of high quality parts, and
discipline parts application.

Maaningful and demanding equipment reliability performance can be achieved and
demonstrated as part of RDTLE programs, if contractually specified as requiremeats
and uncompromisiegly enforced.

Amiytical pradictions of demanding reliability performance ave achievable, using
credible part failure rates, sad dymamically structured reliabality growth testing pro-

grams.




2. RELIABILITY TRADEOFF DECISIONS

a. Findings and Observations

Environmental parts screening of 89 percent of the APQ-113 radar
part complement was required to meet the 134-hour (at 90% confidence)
MTBF regquirement.

Room ambient testing alone during manufacture of avionics products to
be usad in uugh performance a‘rcraft environments is inadequate based
on APQ-120 and APQ-113 experieuce.

Fatlure-free cycle criterion as part of product environmental screening
assures burn-in of the product and provides incentive for corrective
actio~

The APQ-1.3 utilized approximately four times the percentage of en-
viroientally screened parts as the APQ-120 (89 versus 24 percent).

The APQ-113 narts screening criterion was for the most part more
stringent than the APQ-120,

The original APQ-113 design had to be simplified through parts reduc~
tion from 15,C00 to 10,704 to meet the MTBYF requirement.

On¢ hundred percent LRU temperature cycling screening was necessary
to meet the APQ-113 MTRF reguirement.

Une hundred percent environmental sereening of subcontracted items at
the subcontractor's facility was necessary to meet the APQ-118 MTBF
requirement.

b. Conclusions

Equipment complexity needs to be eantractally limited, consistent with fuaciivnal
capability, to preclude parts count escalation =+ its attends.t negative impact on relia-
bility, performance, and life cycle mainteranc: costs '

One hundred porcent parts scroening is nec. ssary to meet demanding reliability
veguirements and provide effective control of the quality of purchasod materials,

Complex electromic products having demanding reliability requirements and high
performance aircraft applications, must be 100 percoent screend, during manuwacture,
in the most sovere end Use environment, but ro less than MIL-STD-781 requirements.

- Subcontracted items must be subjected to the 3 we relblty requirements and
disciplines applied to the prime squipment, and eavitonmentaily gualified as end itows,
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3. PRODUCTION RELIABILITY PROGRAM

a. Findings and Observations

{1) Equipment Design Maturity/Stability

& The APQ-113 design was 90 percent stabilized at completion of engineer -
ing and reliability qualification which was prior to delivery of 20 percent
of the production equipment.

e The APQ-120 environmental and reliability qualification testing were
not completed until approximately 80-90 percent nf an order of 840
radars had been delivered.

® The more complex APQ-113 LRUs incurred a higher level of design
change and took up to one year longer to reach maturity.

® The APQ-113 LRUs experiencing the highest level of RDT&E drawing
change activity also experienced the greatest aumber of problems in
both the factery and field.

® The APQ-113 RTM analog design took longer to reach maturity than the
Synchronizer digital design.

& The APQ-113 mechanical design maturity lagged electrical maturity by
nearly a year.
(2) Production Test Program Structure

e TheAPQ-113 and APQ-120 factory test programs were fundamentally
similar until the APQ-113 program was upgraded.

® One hundrod percent incoming test was necessary to coatrol lot-to~-lot
quaifty variation found even on screened material.

@ Eleven percemt of the APQ-113 part population submitted o parts screens
jog failed.

®  APQ-113 maior procurement items initially had failure rates exceeding
the required system failure rate.

& Thirty percent of the APQ-113 radars were subjected to Reliability Ac-
ceplance Testieg (RAT). The APQ-120 radars were not RAT tested.

: , ® The origial APQ-120 equipment test was supplemented by a Six~hour
g | filure-free ambient run-in test and a three-hour performance test,

® The upgraded APQ-113 test program structure was 98 porcent effective
in screoning part and workmanship failures,
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(3) Failure Distributions/Performance Measurements

APQ-114 and -144 equipment configuration changes caused initial setback
in equipment test defect rate performance.

APQ-113 LRU burn-in precipitated over 45% of all LRU test level failures
and 40% of all equipment level test failures.

Seventy nercent of all the APQ-113 in-process test failures occurred at
subassembly test, the most cost effective point in the in-process flow
to detect failures.

The distribution of APQ-113 in-process test failures by LRU closely
correlated to LRU part count complexity for the RTM and ACU. The
Synchronizer and Indicator/Recorder departed from this patiern for
identifiable causes.

APQ-113 problem distribution by LRU experienced in the factory is
essentially the same distribution found in the field.

On-receipt quality (test rejection rate) of screened material is an aver-
age of 5:1 better than nonscreened.

Sercened paris quality is 10:1 better than nonscreened.

APQ-113 part fallure rates improved by approximately an order of mag-
nitude at each test level in going {rom parts screening to incoming test
to factory test to reliability testing.

The combination of parts screening and 100 percent incoming test pro-
vided effect.ve control of purchased part quality by precipitating over
90 percent of the part probiems experienced.

LRU burn-in failures generally inereased with LRU part count complex-
ity anc ranged from 0.5 to 1.9 failures per LRU processed.

Forty to 80 percemt of the APQ-144 LRUs exposed 10 temperature eyeling
fatled, averaging 1.5 to 2.2 tailures per failed LRU.

Approximately one-haif of the APQ-144 LRUs failing bura-in failed
during the first temperature eycle.

Twodthirds of all APQ-<1H LRU burn-in failures wore observed at low
temperature.

Produet enviroamental screening contribuled 1o 2 3:1 improvement in
equipment reliability growth vader environmental condtions throuzh the
tdentification and correction of pattern failures.

Major procurement and specialty devicer accounted for 20 percent of ali
LRU bura-in problems, failing af rates up to 100 times greater than
electronic components.
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& Parts, specialty devices, and major procurement items, all previously
environmentaily screened, accounted for approximately 80 percent of all
LRU burn-in failures.

(4} Problem ldemntification and Solution

(a) Failure Analysis -

@ Thirty percent of APQ-113/114/144 factory reported parts failures could
not be veritied as failed parts through laboratory failure analysis.

e Thirty-five percent of laboratory verified APQ-113/114/144 failures of

screened material were supplier responsibility;the balance were induced
failures for a variety of causes.

{b} Technical Problem Solving Routines -

® All program technical problems including design, material and work-
manship have to be identified and resolved in a timely manner for maxi-
mum rate of equipment reliability growth.

® Effectiveness of execution ang attention to detail are key factors in mak-
iog tecimical problem solving routines work.

b. Conclusions

{1) Equipment Design Matur ty/Stability

# New product designs should not be released far volume manafacture until
Keliability Qualification Testing has certified that ihe equipment mests
its specifiad reliability reguiremoent.

{2) Production Test Program Structure

® The manufacturiog lest progeam sirecture cstabitshes the effectivenoys
of product sereening and the suaiity Tovel of Bw product delivetred: there-
fore the mintmum production program test strucwre for complex avioaiks
products utilized in high performance aircrafl eavircaments should bo
contraciually speeifiod and approved.

o

ity 1 A S O

:3) Proble:sn Mentification and Solulion

® Roliability programs must be structured to provide for the tigiely idea~
tiflcation and elimination of all destgn, material and workmaeship
pattern problems in order o achiceve waximum rate of equipmen! celia-
bility growth.




1 ® Measurement of equipment MTBF using unanalyzed failed part data will
; be biased unrealistically low, based on APQ-113 factory experience re-
vealing that typically 30 percent of factory test reported part failures,
when analyzed, capnot be verified as failed parts.

® Part failure analysis needs to be maintained throughout a production
manufacturing program because of subtle design and process changes as
well as lot-to-lot quality variation problems, continuously introduced by
part suppliers.

@ Existing electrical part screens need to be improved as typically 35 per-
cent of the electrical test level verified failures of screened material
had assignable causes attributable to supplier respounsibility.

D. PRE-RELEASE RELIABILITY PROGRAM

1. INTRODUCTION

This subsection is structured to provide the background material covering the
initial sequerce of events of the APQ-113 reliability program. Iis objective is to de-
scribe and analyze the reliability engineering disciplines that were applied during the
contract design and development period. The following elements were specifically
selected for analysis and discussion:

@ Program Reliability Requirements

® Reliability Predictions

® Parts Standardization

® DPasts Application
Where data was available, comparisons wero drawn with the APQ-120 radar relative to
the assiciated elemens.

2. SUMMARY

a. Reliability Rejuirements

The APQ-153 MTBF requirement was technically chatlenging aad was not initially
achieved, but was contractmally caforced, causing aquipment rodosign, muatertal qeality
upgradiag. test proghinm festrucluring, product envirchmental serveaing, and reliability
prowth testing until the requirement was domonstrated. Thede program elemeats would
not have been tmplementod to the same degree, or at all, il the MTBF requirement
had been lower or aot eaforcad.

§9




e v r— ——

t
2
3
B
]
4
o
¥

R O I IO IR AT S TR T, s

o~ e -,

b. Reliability Predictions

The APQ-112 MTBF prediction based on part failure rates was achieved in equip-
ment reliability qualification test. This was accomplished only after a substantial reduc-
tion in parts coupled with the utilization of approximately 90 percent screened material
which in effect doubled the radar's analyucal MTBF prediction and inherent capability.

¢. Parts Standardization

Parts standardizstion was specifically addressed during design and development of
the APQ-113 Attack Radar, as part of an Air Force Parts Standardization Program. As
a result, 80% of the parts selected for the radar were compliant with the prime contrac-
tor's Preferred Parts List.

Comparison between the APQ-113 and u:e APQ-120 radars disclosed that on a
basis of distribution of percem of part population per part drawing, the APQ-113 used
approximately one-third fewer drawings.

d. Parts Application

This study showed that for the APQ-113 radar to demonstrate the MTRF require-
ment, essentially all parts (97%) had to be derated within 70% of the manufacturer's
rating under worst case, first article environmental cauditions. Data reviewed for bath
the APQ-113 ant APQ-120 radars disclosed strict compliance to their derating criteria
for part application. ‘

3. RELIABILITY PROGRAM REQUIREMENTS

The veliability program requirements for the RDTEE or pre-release phase of the
APQ-113 Attack Radar were defined in the General Dynamics specification FZM-12-041
datod 9 January 19638, This pregram speeific “‘en was as comprehensive as MIL-STD-
T85 and required a development testing program, reliability pro-qualification test, and
reliability gualitication test to Test Leved It oo MIL-R-2666TA. Other resuirements of
this specification included the establishment af a component part stasddardization pro-
gram, a failure analysis and corvective action syster, aad monitarieg of graphical
Reliability Growth, along with standard reltahility program cloments of reliability pre-
diction, wmodeling, apporticament, design reviews, and formal reparting.

‘ANl of the abave-listed retiability diseiplines and taxks were further defined and
clabarated upon in a Geaeral Blectriv Company Reltability Program Plaafor the APQ-113
Radar,

The APQ-113 coutracted reliability requirement was to design and smamsfacture an
attzek rrdar cagable of test demonstrating an MTBF of 134 houss at 9% confidence.
This M18{ requiremert betame one of the most importast factors inflacackyg program
decisions and evenls, and ultimately the sadir's licld performance.
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i. RELIABILITY PREDICTION

a. Factors Applied
The APQ-113 reliability predictions were based on the {ollowing factors:

® The total number of electrical parts utilized tintegrated circuits were
defined as a part)

® MIL-HDBK-21T generic part failure rates supplemented by experience
factors on similar equipments

@ Parts failure rates computed based on the applied electrical and en-
vironmental stresses of each part as & ratio 0 the supplier’'s maximum
ratings '

o Barts failure rates reflecting the quality index of the parts, nonscreened
parts (i.e., military standard devices, JAN, RN) versus screened parts
{i.e., established reliability devices, JANTX, RNR).

® MIL-HDBK-217 procedures for redundant and/or series configurations.

b. Prediction Estimates

The MTBF prediction fluctuated as the equipment complexity chang«d to meet
functional perforaance requirements. The initial prejection of 3600 electrical compo-
nent parts incredsed t as high as 13, 000 component parts, hefore ending up at the
15,000 part level for RDT&E equipment, as denoted in Table Vil

TABLE VII. APQ-113 PARTS DATA
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An assessment of the reliability prediction at the 15,000 part level established that
due to the growth in parts count, although partially compensated by an increased per -
centage of screened parts, the MTBF prediction dropped to 88 hours, significantly less
than the minimum requirement of 134 hours at 90% confidence.

¢, Prediction versus Iiitial Performance

To demonstrate this requirement in a fixed time test of 10 MTBFs or 1340 hours
required measuring an MTBF of 268 hours. The initial reliability evaluation test meas-
ured performance was 11 hours* MTBF or only 10% of that predicted, This was the first
insight into what was to become known as the RPM '"10 Percent Rule" which is discussed
in another section of this report.

d. Corrective Measures

The significant difference between the MTBF prediction of 88 hours and the con-
tract requirement,substantiated as a problem by the test results, caused a major rede-
sign effort. This redesign effort was directed at increasing the MTBF of the radar
through reduction in the total number of electrical parts, increasing the material quality
level by utilizing a higher percentage of screened parts, and reviewing each part appli-
cation to confirm that optimum derating was, in fact, applied.

The initial APG-113 production equipments, Table VII, were of the reconfigured
design, having an MTBF prediction of 175 hours as a result of the following significant
reliability improvements:

® The parts count was reduced by 4300 discrete parts by replacing them
with 363 high speed monolithic integrated circuits (ICs) (a 80% increase
in ICs).

e The percentage of screened parts was increased from 29 to 83%, enabling
use of the average predicted part failure rates shown in Table VIII,

*9,5 hours at 90% LCL.
TABLE VIII. COMMODITY FAILURE RATE COMPARISON, APQ-113 VERSUS APQ-120

NO. DWG. PER .\»m&c FAWURE RATE (42"
QTV/RADAR GENERIC PART ML 0K ATA PREDICTION OBSERVED

_ REL TEST - ARQ
GENERIC PARTS APQ-113 | APQ-120 | APQ-M3 | APQ-10| S1D | WIREL APQ-IIY | ARQIN | nwhana
CAPACITORS RV pi} 0 85 La 0.0 on o 0.1
DIODES 154 1578 © 82 | 0w (g 042 oy
TRANSISTORS o 1342 » 84 668 0.6 oas 144 0w
RESISTORS ' an 6258 st 109 o o 00} o (Y
INTEGRATED CK'S. 9% 2 1) 2 2.04 0w )] 8 te

TOTALS | 9438 14 %0 w2 L0 wa ] .

¢ A N FAILURES PER MILLION HOURS
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e. Prediction and Performance Correlation

The predicted improvement in equipment MTBF was eventualiy confirmed through
formal reliability demonstration test whereby the APQ-~113 radar production configura-
tion equipments demonstrated an MTBF of 152 hours at the 90% lower confidence level.

The average predicted part failure rates and those observed ia reliability testing
are shown in Table VIII, Note that the observed transistor failure rate was nearly twice
that predicted, but the IC failare rate was one-half of that predicted. The difference in
IC failure rates is attributed to the insufficient test data available at the time, resulting
in a pessimistic prediction. The net result was that the average observed failure rate
the parts comprising over 90% of the system was equal to the average predicted failure
rate.

f. APQ-114/144 Configuration

Although the APQ-114 and APQ-144 versicons had increased functional capability
compared to the APQ-113, the redesign goal was to maintain the MTBF demonstrated
on the APQ-113 by controliing the paris count growth, and by increasing the quality level
of material. The rc:alts of this effort are s.-umarized in Table IX, showing that the
parts count increas: . « - by 3 to 10% above the APQ-113 'evels, and the screened ma-
terial utilization in.. ecsed by 2 to 3%.

TABLE IX. APQ-114/144 PARTS DATA
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5. PARTS STANDARDIZATION PROGRAM

a. Program Objectives

High emphasis was placed on parts standardization, from the begianing of the pro-
gram, through the ereation of & prir.2 contracter's (General Dynamics) Part Standardi-
zation Board. The F-111 program was the {irst Air For¢a Avionics Weapons System o
undettakie an integrated parts standardization program.

9
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As a result of GE's participation in this standardization program, 80% of the parts
selected for use in the APQ-113 Attack Radar were compliant with the prime contractors
Preferred Parts List,

b. Preferred Partec Utliization

This high degree of standardization was achieved by generating a Radar Preferred
Parts List (PPL), derived from the prime cortractor's list. This list was distributed to
all Design Engineering personnel during the initial design phase as the single approved
source document for part selection. Similar parts standardization practices and proce-
dures were required of major subcontractors.

Conformance of the Attack Radar's parts complement with the preferred parts list
is graphically depicted in Table X.

TABLE X. MATERIAL QUALITY AND APPLICATION

APQ-113 APQ-114 APQ-144
RDT&E | PROD,
w  {PER RADAR 15000 | 10704 11160 RE R
Z 2| SCREENED - TOTAL 3% | 9506 10177 1058;
<
§“‘ SCREENED - |N-HOUSE 2469 | 6706 1864 o3,
(=4
SCREENED - SUPPLIER 1881 | 2800 13 10324
PPL COMPLIANCE (% 10 B 827 85
% DERATING COMPLIANCE % » % )

¢. APQ-113 versus APQ-120

The part selection program impiemented on the APQ-113 Attack Radar compared
with that of the APQ-120 Fire Control Radar {Figure 20) shows that the APQ-113 utilized
one-third fewer part drawings and 2800 fewer parts to achieve tasically the same
functions,

Comparisuns of part standardization are shown oy part type in Figures 21 tarough
26. These charts show the percent of total part population of a generic part type
{capacitor, resistar, diode. transistor, or integrated circuit) as a function of the num-
ber of different part drawings utilized. The 50% and 75% of total part population points
were selected as meaningful polats Lo compare the level of standardization achieved.
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Figure 21. Drawing Standardization Comparison - Capacitors, Resistors, Diodes,

Trangistors and Integroted Circuits
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Figure 28. Drawing Standardization Comparison - Resistors

d. Cost Leverage

Figures 23 and 24, for transistors and diodes respectively, suggest the potential
drawing reduction available through parts stapdardization. In both examples, the quan-
tities of parts are nearly identical for both radars, yet the APQ-120 took 5 to 6 times the
number of drawings to incorporate up to 75% of each generic part type population and, in
total, ook at least twice the number of discrete semiconductor drawings as the APQ-113,

Comparisons for other part commaodities were made, but the opportunity is not as
apparent due to significant differences in the part quantities utilized. Figure 37 shows
an estimate of the initial potential cost savings available through parts standardization.
For stmplicity, the comparison was made based on only the nonrecurring technical costs
of making a part drawing and releasing it for use (w $5000), Farts standardization cost
savings for a program the scope of APQ-113 were cstimated by multiplylng this figure
by the difference in number of APQ-113 and APQ-120 drawings. Not discussed, but sig-
nificant, are savings avallable through pooled buy purchase agreemems. which are aided
by parts standardization.

“ v PARTS APPLICATION
a. Derating Disciplines

Parts application derating criteria were provided to destgners to assure sulficient
design margin th cach applicaiion of the selected parts. Specifically, semiconductor
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Figure 27. Parts Standardization - Cost Savings

junction temperatures were not permitted to exceed 100° C and resistor and capacitor
voltages could not exceed 50% of the manufacturer’s rating. Each part selected and its
actual stress condition was reviewed and approved by Reliability Engineering to agsure
compliance to the established derating criteria. Table XI shows that over 97% of the
parts used in both the APQ-113 and APQ-120 radars were applied within their estab~
lished derating criteria. Because of limited data available, only 36% of the total part
population of the APQ-120 radar was reviewed and, therefore, it is assumed that this
quantity is a representative sample of the total radar part population.

TABLE X1. PARTS STRESS ANALYSIS COMPARISON - APQ-113/120 RADARS

PART APPLICATION RANGE OF DISTRIBUTION
STRESS RATIQ NUMBER OF DEVICES % OF TOTAL
(% OF MFG. RATING! | APQ-113 1 APQ-114 | APQ-1&d | APQ-120% APQ-113 [ AFQ-114 | APQ-124 | APQ-120*
0-69 10,422 ] 10,8% 11,308 4982 n.3 01.6 9.9 9.3
10-19 19 1 164 1] 1.R 1.6 L4 1.5
50-89 1 n 64 38 0.7 0.7 06 07
90-100 18 14 9 2] 0.2 0.1 o1 0.5

TOTALS | 10,704 | 11,160 | 11,545 stet

P +BASED ON A REPRESENTATIVE SAMPLE OF 36% OF THE
r- TOTAL PART POPULATION




A summary of the PPL and derating compliance for the APQ-113, -114 and -144
Radars is provided in Table X. Note a continuing improvement trend in adherence to
these reliability disciplines in progressing from the APQ-113 to -144 design.

E. RELIABILITY TRADEOFF DECISIONS

1. INTRODUCTION

This subsection describes the technical tradeoff decisions made during the
APQ-113 program, related to MTBF improvement, which affected the design, manu-
facture, and test of the radar equipment. The decisions determined to have the greatest
reliability impact on the equipment fell into the following categories which are discussed
in this subsection:
Material Quality
Complexity Control

Product Environmental Screening

Subcontracted Item - Environmental Screening

2. SUMMARY

a. Material Quality

Environmentally screening 29 percent of the APQ-113 purchased electrical parts
proved insufficient to meet the MTBF requirement, since material related fallures ac-
counted for approximately one~third of the total initial reliability evaluation test failures
experienced.

Extended parts screening (to 88% of the radar parts count), in intended use envi-
ronments, proved effective in controlling the materials problems such that the average
predicted parts failure rates were realized in reliability qualification testing.

b. Complexity Coatrol

The APQ-113 radar failed initial reliability qualification test in a 15,000 electrical
part configuration. Redesign which reduced the parts count complexity to the 10,700
level by incorporation of integrated circuits, contributed to the successful demonstration
of the reliability requirement,

¢. Product Environmental Screening
The ambient in-process testing plan originally implemented on the APQ-113 pro-

gram proved inadequate in detecting problems which contributed to reliability qualifi-
cation test failure. The problem was resolved tirough incorporation of LRU
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environmental screening of 100 percent of production with the acceptance provision that
the last two cycles of environmental exposure be failure-free.

d. Subcontracted Item - Environmental Screening

APQ-113 program experience showed that product environmental screening must
be extended to the subcontract or major procurement item including all the like practices
such as failure-free cycle acceptance criteria.

3. MATERIAL QUALITY

During the development of the APQ-113 RDT&E Program, a tradeoff decision was
made to environmentally screen critical piece parts based on failure rate experience on
other programs. Based on this decision, 211 integrated circuits, semiconductors, and
ceramic capacitors, which represented 29% of the total parts count, were purchased to
screening specifications. Despite this measare, material related problems contributed
about one-third of the initial reliability evaluation features, resulting in a decision to up-
grade the quality of the remaining material by increasing the number of screened parts
from the 29% level to 39% of the total parts count. The correlation between the predicted
parts failure rates and these subsequently measured in reliability testing attest to the
fact that this screening decision contributed to the achieved equipment reliability,

The parts upgrading program was also extended to major procurement items by
requiring subcontractors to use screened parts.

a. Parts versus Product Screening

One of the tradeoffs considered in lieu of upgrading the quality of material was the
feasibility of continuing to use Military Standard Parts (nonscreened) and use the planned
LRU level enviroumental screening tests, as perhaps a more cost effective approach, to
precipitate failures of marginal parts. This approach was assessed and rejected for the
following reasons:

® It would be impossible to stress the LRU assembled parts at their rated
levels, which is where the part screening tests are effective, and there-
fore a percentage of marginal parts, screenable at the part level, would
escape to fail at higher test levels.

e Individual part parameter drift indicative of potential latent defects could
not be detected at the LRU level.

® It would not be as coust effective. Higher part fajlure rates of the un-
screened material would increase the recurring manufacturing labor cost
to troubleshoot, repair and retest the LRU, above the cost of screening
at the part level.

¢ Identification of systematic part problems would De at a lower and slower

rate at LRU test and would therefore limit the opportunity for reliability
growth.
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b. Program Material Quality Comparisons - APQ-113 versus APQ-120

The generic part types uf the APQ-120 and APQ-144 radars were compared, to
determine commonality and quality levels of the material used, in order to assess the
impact of material quality level on the reliability performance differences of the two
radars. Table XII shows the comparisons., For example, there are four capacitor types
in the APQ-120 (Qty. 1502) that are common to the APQ-144 (Qty. 1040). Of the refer-
enced capacitors in the APQ-120, 79% were screened; 100% of the like capacitors on the
APQ-144 were screened.

TABLE XII. MATERIAL QUALITY COMPARISON, APQ-120 VERSUS APQ-144

APQ 1 APQ 14
T .

E:?gcoav ‘th; X ZEAPS{llEIC % OF PART CATEGORY % OF PART CATEGORY

120 | 144 DESIGNATION | QTY. 0 % 0 ® D X 0 €0 B 10 Qry.
5T6R48)

X 1186 < ST6REN0 781039 3%
CAPACITORS 20| 1583 €S A1 ST6R8% cs CSR & 3R 165 & 7060804 w
™ 0 7060842 b ie)
cL & 781860 & 1040827 110
SUB-TOTAL | 1502 100

: RNGO 674 TII66 238

RESISTORS 6258 | 454 RCO? ¥ RCR 8"
RC2 10 RCR w2

RW07 W8 | RLESTIRSH 0

RN U] 0

SuB-TOTAL | &8 1

INGAS/6 By | AN AN TX ™

DIODES 1578 | 1680 INILAE 19 | AN & STIRAM 060251 N
1N4g4 B2 | AN TRV 0

SUB-TOTAL | 8% 128

mRRG a | e 1818383 613
TRANSISTORS 1342 | 1360 N0 a | sRse o180 N
N9 0 1808 10
iNS) W | SIRM mwz Q
N W | sreRmr %
SUB 101AL | & W
HYBRID 2 2]
INTEGRATED 124 8t LINEAR n 1t
CIRCULTS DIGITAL € 1M
SUR-TOTAL | 109 1044
107AL 1.1 | 10,298 T8 ng
L CEND:
A schcenao
1 wownscureno

Similar comparisons hold true for other parts th:u were found common to both
radars. Of 7436 parts examined in the APQ-120, 24 were acreened. Of the 7782 parts
in the APQ-144 which were common to parts used on the APQ-120, 100% of the parts
were screened, This difference in percentage of sciconed material is considered cne
factor contributing to the MTBF reliability performance differonces of the two radars
studied.
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In addition to dimensioning the percentage of the parts complement that was

. screened, the screening specification requirements applicable to five part types common
to both radars were examined. Table XIII portrays the screens used and their relative
severity as applied to each referenced part type. The initial observation is that the
APQ-120 resistors and diodes were not screened while the APQ-144 were. A significant
differ :nce was found in the power burn-in screen, which is called out for each of the
APQ-144 part types, while it i3 required only for the APQ-120 capacitors, transistors,
and integrated circuits. Another observation is that the power burn-in screens used for
the APQ-144 are more severe in exposure time than those applied to the APQ-120, In
the case of integrated circuits, the high temperature bake, and, for capacitors, the lot
jeopardy requirements, the APQ-120 part screens are considered more discriminatory.

RISl *-Wﬁm“mww T

TABLE XIII. PART SCREENING COMPARISON MATRIX, AP(-120 VERSUS APQ-144

INTEGRATED
CAPACITOR RESISTOR DIODE TRANSI STOR _ CIRCUIT
SCREEN APQ-120 | APQ-144 | APQ -120 | APQ-144 [APQ -120|APQ-144 | APQ -120{APQ-144 | APQ-120{#PQ-144
TEP CYCLING . YES . YES - v YES YES Yis | VES
(5 CYCLES)
CENTRIFUGE . - ’ . - |ves  jves | oves YES | YES
LEAK TEST . . . . . Y& ¥ s ¥ ¥
(MERMETIC SEAL B 5 £ Es
MECHANICAL SHOCK | - . . . . . . . YES
HIGH TEMPERATURE | ‘ ) i . _ W | a4 &0 8
BAKE HRS | MRS WS | HRS
2 100 10 168 % 168 ) 18
PORER BURN-IN HRS HRS ‘ HRS : MRS | MRS | WRS HRS HRS
LOT JEQPARDY * | 4% 0% . 0% . 0% e | 0% L) e

*LO1S EXCEEDING SPECIFIFD PERCENTAGE OF SCREENIKC DROPOUTS ARE RESECTED

The conclusions derived from these comparisons are that the APQ-144 part
screening was more comprehensive in the percontage of parts complement screened and
that the APQ-144 part screens were for the most past more stringent,

4. PRODUCT COMPLEXITY CONTROL
a. Complexity Fluctuations
Equipment parts count was found to be an important relaability factor, in that de-

P sign simpliication txadeoff decisions were necessary to meet the MTBF requirement.
L In the original APQ-113 proposal accepted by Genoral Dynamics, a comglexity of 3600
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parts was projected to perform the radar functions defined at that time. As the design
developed, the estimated complexity increased to 18,000 parts. A decision was then
made to redesign an analog funciion to a digital function, replacing discrete parts with
integrated circuits, and reducing the parts count to 13, 500 parts. As more design de-
tails evolved, and functional requirements developed, the parts count increased to 16,000
parts until a redesign of the most complex function reduced it to 15, 000 parts.

Initial Reliability Evaluation Test findings established the necessity of reducing the
parts count to achieve a predicted MTBF consistent with the minimum 134 hour MTBF
requirement. Design simplification was achieved by incorporating a2 new integrated cir-
cuit, significantly reducing the part count to 10, 704 parts for the APQ-113 production
equipment. How this reduction was accomplished is discussed in the Pre-Release Pre-

diction Analysis part of this report.

This result indic2es that equipment complexity, in terms of parts count, can and
should be controlled as a tradeoff in meeting reliability goals. In this case, the key to
part reduction was redesign to perform analog functions digitally, substituting inte-
grated circuits for discrete parts, and in designing logic functions which could be per-
formed by existing integrated circuits. This was a key point in 1863 due to limited
availability of high speed logic integrated circuits.

b. Configuraticn and Complexity Changes

The APQ-114 Attack Radar was developed subsequent to the production design of
the APQ-113, and was essentially a 20% increase in functional cagability. The functions

added were:
® Nerth Oriented Display Capability
® Beacon Mode :
o 200 Mile Range Scale
® Autematic Photography
¢ Bomb Mode Command
Described ov Tatle [X, there was & net increase in part complexity of 456 parts for
these functional changes. Coupled with an increase in part screening and attendant fail-
ure rate changes, the amalytical MTBF increased slighily.

The APQ-144 Attack Radar was a modification of the APQ-1id dosign including the
following etanges:

® Transmilted palse 6.2 psex
Receiver bandwidth fncveased

o

® Range cursor crosshair widith decreased

® Display - 2.5 aautical miles .
®

Tilt coatrol changed to 8:1 miaimum
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The net increase in part count complexity, shown on Table IX, to introduce these
changes was 385 parts; again, there was no significant change in analytical MTBF funda-
mentally due to the increase in screened material uiilized. The lesson learned is that
complexity control, to be effective for reliability performance leverage, must be
addressed during the pre-release design phase. Ideally, equipment complexity should
be contractually limited and specified consistent with the reliability requirement.,

5. PRODUCT ENVIRONMENTA}. SCREENING

a. Decision to Screen

Product environinental screening was not originally planned, but when the Reliabil-
ity Evaluation Test yielded a measured MTBF of 11 hours®, corrective action was needed
for the 23% workmanship failures constraining reliability growth., Product temparature
screening was chosen as the best approach to solving this problem, based on earlier
favorable experience obtained on a previous radar program,

L. Factors Coasidered

The decision as to how anc where to implement the screering considered the fol-
lowing factors:

e Equipment level(s) to be environmentally screened
e Euvironments: Temperature, vibration, or a combination of both

@ Test Lovels and Profile: Tamperature extremes, vibration levels,
repatitive eavironmental eyeles, and power ON-OFF cyeles

® Test Duration: Minimum aumber of cavironmentai ¢ycles

® Accept Reject Criterta: Electricai/mmechanical functional criteria,
failure~free final cyclels)

¢. Alternatives mressed

The LR Jevel was selectad for product environmoental sereoenisg over the sulas.
sembly and the eqquipinent level, based on tradectis belween effectivencss and cust.
Screeaing at multiple levels was probibitive, tased on implementation and projected re-
curring costs,

One hundred porcent screching at the sutassembly level was dismissed for the
iollowing reasons:

® The quantity of radir subassemblics would aecessitate the desi¢n and
construction of costly test racks oQuipmest, and fost chambers.

® It wasg iraprohable that the specific eaviroament seet by vach subas -
sembly in its LRU could be simulated.

*3.5 haurs at 90% LCL.
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© Substantial workmanship related effort would necessarily follow the
subassembly screening involving interconnection of subassemblies,
harnesses, and LRU chassis mounted parts. The added items and work-
manship would not have been subjected to the environmental screen.

Subassembly screening was imposed, however, on a few problem-prone items where the
impler:entation costs were offset by the reduction in failure costs.

An equipment level environmental screen was also considered but was discounted
primarily for the following reasons: .

® The cost of the test complex required to provide a screening capability
with the ability to diagnose and isolate faults was considerably in excess
of the LRU burn-in facility.

® Inefficiency in the product flow resulting from the inability to process
equipment until all LRUs were available would have caused production
delays and highe: ranufacturing costs.

d. Temperature versus Vibration

Temperaiure . ycling was selected as the LRU environmental screen over vibration,
because temperaturs cycling was cousidered to represent the niost severe conditions of
the reliability test and specified field environments, at the minimum test implementation
cost. Temperaiure was also considered to be the more discriminating environment, for
systematic failure identification, based on the problems that had been experienced in the
initial reliability evaluation testing.

¢. Acceptance Criteria

The decision to require the Jast two burn-in temperatare cycles to be failure-free,
rather than just to expose the equipment to a predetermined fixed time and cycle test,
provided a stimulus to reliability growth through develonment of corrective actions for
pattern failures. The failure-free cycle requirement introduced a significant time and
cost variable into production scheduling and manufacturing by impacting the time re-
quired for an LRU to pass this screen, thereby intensiiying the management emphasis
on corrective action.

f. Results

LRU burn-in contributed to MTBF improvement, and was cost~effective in finding
the temperature related problems early. The long term benefits accrued from the iden~
tification and elimination of pattern failures, which if uncorrected, would have con-
strained field MTRF perfurmance.
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6. SUBZONTRACT ENVIRONMENTAL SCREENING

a. Disciplines Required

Siubeoniracted Major Procurement Items (MPI) must be subjected to reliability
program disciplines equivalent to those implemented for the prime equipment. Environ-
mental screening of 100 percent of production of the APQ-113 Major Procurement Items,
at the subcontractor's facility, was found to be the most significant factor in achieving
and sustaining the required MPI MTBF performance.

b. Product Definitina

Maior Procurement Items are characterized in the radar as electronically com-
plex assemblivs, frequently state-of-the-art, or intricate electromechanical devices,
procared to an end item specification. 7Their specialized nature required procurement
from a subcontractor, usualiy a smail manufacturer, having inherently limiteu technical
resources. Due to development #nd qualification costs, these are usually sole source
procui-ements that, once committed, limit competitive leverage and flexibility of options
when problems occur,
c. Itemis Ideontified

Duriug the pre-cvelease phase of the APQ-113 Attack Radar, the following {tems
wera categorized as MPL:

o Azimuth Rate Control Assembly (ARCA) (Electro-Mechanical)
¢ Tilt Rate Control Asserably (TRCA) (Electro-Mechanical)
® Servo Repeater (Eloctro-Mechanical)
® D/A Converter (Selid State!
o Sorvo Ampli‘:ar A" {Solid State)
¢ Sorvo Amplifier "B" (Solid State}
Camera {Electro=Myghanical-Optical)

® CRT HVPS (Solid State)

d. Major Procurement Barn-in

Al the beginning of the program, Major Procurament Hems were 100 poreent func -
tionally tosted as ond items, at the subcontractors’ facilities, in a reom ambiont tom-
peratyre acceplance test. Failure rates at LRU screening sstabiished thai such testing
was iradequate to assure compliance with the requirad product porformance under en-
vironmental conditions. A decision was then made {or 100 purcent burn-in of the wajor
Procurement Hems at the subcontractors' facilities fur the folluwing reaschy:




@ Earliest point for problem detection - Finding the problem at a subcon-
tractor’s facility provided the minimum cost path to find and correct a
problem.

© Maximum problem correction effectiveness ~ Subcontractors' engineers
and management needed first-hand visibility of their products' perform-
ance in their intended use environment. The contractual feedback com-
munication barriers were bridged and problem responsibility un-
guestioned.

@ Subcontractor motivation - Problems found would require correction
before shipment, thereby relating successful equipment environmental

performance to the business objectives of meeting contractual schedule
and cost commitments.

Temperature cycling screening was subsequently negotiated and imposed upon
seven MPI suhcontractors on 100 percent of the product manufactured. The exception
was the D/A Converter where, because of subcontractor's quoted costs, it was en-

vironmentally screened at General Electric, an effective but less desirable approach
for the reasons cited.

F. PRODUCTION RELIABILITY PROGRAM

1. INTRODUCTION
This subsection contains the background, experience, and analysis of the APQ-~113/
114/144 production equipment during manufacture, empbasizing those program elements

having the greatest influence and impact on the radar equipment's reliability perform-
ance.

The program eclements that are analyzed and discussed in detail in this subsection
appear in the following sequence:

® Equipment Design Maturity/Stability
¢ Production Test Program Structure
o Failure Distributions/Performance Moasurements
¢ Problem ldentification and Solution
¢ Part Failure Analysis
® Technical Probiem Solving Routines
The =rie-ary cbjective in analyzing these program elements 18 to identify and dimension

the kev  uctors contributing to the reliability growth to provide rocommendations for
future comparable avionics manufacturing programs.
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2. SUMMARY

a. Equipment Design Maturity/Stability

The APQ-113 equipment design released for manufacture was mature in that 90
percent of the drawing change activity was complete by the end of engineering and re-
liability qualification testing, which also occurred before 20 percent of the production
equipment had been shipped.

b. Production Test Program Structure

The APQ-113 and APQ-120 production test programs were originally similar but
the APQ-113 was significantly revised when the inital structure proved ineffective, due
to inadequate screening of material and workmanship problems. The revision was ac-
complished by going to essentially 100 percent parts screening, 100 percent incoming
test, and subcontracted item and product burn-in.

¢. Failure Distributions/Performance Measurements

The APQ-113 equipment level test performance improved from an initial average
of seven failures per radar to less than one. Redesign of the APQ-113 to the APQ-114
configuration caused an initial setback in the measured performance that was approxi-
mately equal to the percent of change introduced.

The APQ-~113 extended parts screening proved effective by providing an average
initial part failure rate advantage of ten-to-one over nonscreened parts. However, parts
related failures were still predominant at nearly all levels of factory test.

Experienced parts failure rates improved by an average of an order of magnitude
at each test level from parts screening through and including reliability acceptance
testing.

Product environmental screening was effective as it accounted for 40 to 50 percent
of all failures precipitated at all factory equipment test levels.

Mature APQ-144 equipment achieved a 3:1 improvement in LRU defect rate over
the initial APQ-113 equipment, under the environmental test conditions of product burn-
in; this was attributed to the identification and correction of pattern failure sources pro-
moted through the failure-{ree cycles requirement.

d. Problem Identification and Solution

Laboratory part failure analysis accelerated the rate of APQ-113 equipment MTBF
growtl through timely and correct diagnosis of failure causes for effective corrective
action. BEffectiveness of execution is the primary key to successful technical problem
solving routines. However, as a minimum, the routine needs the following character-
istics: It must be simple to understand, adequately define and dimension the probiem,
assigm responsibility for the problem solution, measure the progress and effectiveness
of the solution, and cross functionally integrate and communicate the problem nature,
tmpact and solution.
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3. EQUIPMENT DESIGN MATURITY/STABILITY ANALYSIS

a. Introduction

Release of a marginal, incomplete, or unqualified design to production for any
reason commits both the manufacturer and customer to potential unwarranted risks in
terms of compromised equipment performance, excessive manufacturing and life cycle
costs, and reduced weapons system availability and effectiveness.

Initial equipment MTBF performance is established and constrained by the quality
and maturity of the design as released to manufacture, the quality of materials selected,
and the workmanship performed. Anocther section of this report shows in initial re-
liability evaluation testing that design, materials, and workmanship each contribute to
approximately one~third of the problems experienced.

This part of the Production Manufacturing Program subsection relates the design
maturity status of the APQ-113 equipment to the volume and time phasing of the engi-
neering drawing change activity.

b. Early Design Stability

The APQ-113 drawing change activity depicted in Figure 28 shows that a 90 percent
stabilized design had been reached by the completion of Engineering and Reliability
Qualification testing. Complsting Reliability and Engineering Qualification testing early
provided for incorporation of test identified corrective actions before 20% of the pro-
duction radars were shipped. The timely qualification test certified design, and result-
ing drawing change stability, minimized the product configuration change impacts on
manufactering. In addition, having develuped a mature radar carly avolded subsequent
extensive retrofit of fielded equipment. Other by-products of the early product maturity
were minimized factory failures and rework enabling delivery of high quality conforming
equipment.

¢. Complexity andi Change Activity

The more complex APQ-113 LRUs, the RTM and Synchronizer, had the highest
level drawing change activity and the RTM took about one year longer to reach design
stability. The RTM had the highest initial drawing change activity during development
(Figure 28). This is attributed to its analog design and high power circuitry. Howaver,
as learned in this study, the RTM also experienced the highest percentage of system
problems at all levels of factory test, and in the field, which indicates that RDT&E
drawing change activity can be as early predictor of relative product factory and field
performance. acceping this fact would enable both the manufacturer and the customer
to recognize potentfal problem-prone units and take carly preventative action. Plotting
the {requency of accurrence of RDTEE drawing change activity versus calendar time
could alse provide an estimate of the degree of eyuipment design maturity and stability
usciul in assessing the equipment's readiness for release for production.

The one-year lag in the peaking out of the RTM drawing changes (Figure 28), in
relation to the Syanchronizer, is an indication of the relative difficulty of designing and
packaging high powered analog circuitry as compared with that of disciplinad iow power
digital circuitry {Figure 29).
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Figure 28. APQ-113 CID Activity by Quarter and Cumulative

d. Mechanical versus Electrical Maturity

Mechanical design maturity, as measured by numbers of drawing chaages, lagged
electrical maturity by nine months (Figure 30). From the boginning of the program,
mechanical design changes outnumbered electrical by two to one.

Factors accounting for the longer time to stabilize the mechanical design, as com~
pared with electrical, include the increased emphasis piaced on resolving electrical por-
formange problems as opposed to that placed on mechanical problems which were main-
ly producibility related with the exception of the antenna. Electrical problems are
quiekly identified in comprehensive test programs and must be immediate!y corrected to
continue equipment processing and deliveries. Mechanical producibility changes are
usually more dilficult to incerporate, and do not reguire immediate wfectivity; conse~
guently they are accumulated for block change efficioncios.
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Figure 29. Drawing Change Analysis, APQ-113 Synchronizer (Digital) versus
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4. PRODUCTION TEST PROGRAM STRUCTURE ANALYSIS

BT B

This part of the Production Manufacturing Program subsection describes the

] APQ-113 production test programn siructure as originally implemented and discusses

- the changes evolved to strengthen the program concentrating on the following elements:
® Original Concept

® Program Upgrade

® Purchased Material Control

8 o ] ) On-Receipt Testing
; T s Screening
¢  ontracted Item Environmental Screening

o In-Process Testing

Subassembly Test

LRU Test

Product Environmental Screening
Systems Test

RAT Test

AR T T e
Y TR R

. . # Test Program

Part Failure Experience
Test Level Screen Effectiveness
Workmanship Screening Efiectiveness

P —

T T

AR R sdefir

YW TR A

S A X
"

113




¥ e e

* mt,lz-r:ww:,nm AT e

a. Original Test Structure

A comprehensive documented quality system established the disciplines for the
production manufacturing program. Among these disciplines was the APQ-113 pro-
duction test flow outlined in Figure 31, structured to assure delivery of a high quality
conforming product. The elements listed in each block depict the initial scope of testing
planned at each point in the production program flow. The program elements within the
blocks of the flow diagram were originally similar ior both the APQ-113 and . .PQ-120

radars.

@PART BURN-1N (29-89%
S100% ELECTRI CAL

PURCHASED PARTS
THCORING
LG

& PART BURN-IN
{0-24m

#100% BURN-IN (AT SUPPLIER}
#100% ON RECEIPY

SUBCONTRACT ITEMS

100% AT SUPPLIER

® UPGRADE

oWEDGE SPECS

#BURN-IN {SELECTED
ITEMS)

SUBASSEMBLIES

100% FUNCTIONAL

APQ-120

APQ-113

#POST BURN-IN
ACCEPTANCE

#100% BURN-IN
« FAILURE FREE (2 CYCLES)

*THERMAL CYCLING
LRU §

100% FUNCTIONAL

EQUIPMENT

100% FUNCTIONAL
REL ACC TEST

o8 HR, RUN-IN
(FAILURE FRED

© 3 HR. PERFORMANCE
TEST
RAT NOT DONE

Figure 31. Product Test Comparison, RDT&E and Reliability Upgrade

b. Program Upgrade

After initial APQ-113 Reliability Evaluation Test results, it was recognized that
the test program as originally structured did not s¢reen marginal material or manu-
facturing workmanghip induced problems effectively encugh to meet the program re-
lability requirements. Corrective action was implemented, modifying the APQ-113
test program, as shown by the additional screens listed above each block. Reported
changes to the original APQ-120 test program structure are shown just below the blocks.
The revised APQ-113 test program structure provided for defect deteclion and
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elimination, as early as practicable in the flow, through emphasis on temperature
‘ screening of parts and equipment.
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- ¢. Purchased Material Control

(1) On Receipt Testing

Initially, on the APQ-113 program, purchased electrical components were
accepted at incoming test and inspection in accordance with a quality test plan specifying
either 100 percent or lot sampling depending on the type of material, application criti-
cality, or supplier quality history (Figure 31).

The typical test sampling plan for semiconductors was a 0.65% AQL with a mini-
mum sample size of 60 pieces while all other electrical piece parts, with the exception
of microcircuits, were tested toa 1.0% AQL. Microcircuits were 100% functionally
tested after passing a 1.0% sample test for specific device parameters such as output
voltage levels, leakage currents, and switching characteristics.

The material control plan was restructured as part of the corrective action to up-
grade material quality, by the incorporation of 100 percent incoming testing of all elec-
trical piece parts. The initial result was a marked increase (see Figure 32) in the pro-
portionate share of defects detected at Incoming, with respect to the volume received
on the APQ-113, as compared to other programs. Incoming microcircuit test capa~
bility developed during this period enabled testing of all DC and dynamic characteristics
on the APQ-113 devices. One result of this testing and assoc1ated corrective action was
a reduction in Incoming rejection rate on microcircuits from 15% to 5% during the firs

six months. Figure 32 shows the results achieved through corrective action, in that the
APQ-113 Program experienced less than a proportionate share of the on-receipt re-
jections in 1968 and 1969 when compared to other programs.

Eventually, the Incoming rejection rate for the APQ-113 Program material was
less than all other programs (Figure 33) which is attributed to the effort applied to the
control of material quality early in the program (1866, 1867). The data shows the re~
sistor rejection rate higher for the APQ-~113 Program, only because of the more ex~
tensive testing conducted at Incoming, including temperature cycling, to precipitate
drift failures on metal film resistors.

(2) Parts Screening

(a) Initial Program - Environmentally screened semiconductors were procured
from the beginning of the program with microcircuits being 100% screened, transistors
94%, and diodes 87%. In terms of total radar electrical piece part count, however,
only 28% of the parts were screened.

Even with screened semiconductors, approximately one-third of the failurss in
reliability evaluation testing were attributed to materials quality. To resolve this prob-
ok lem required either individual part corrective action, or across-the-board material
3| . controls to be maintained on a recurring basis. The latter course was taken by extend-
R ing plece part environmental screening and tightening the incoming electrical test screen

" (Figure 31).
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Figure 32. Incoming Material Performance, Volume versus Defects, APQ-113/114,144

APQ-113/}  ALL
PERCENT DEFECTIVE 114/14 | OTHER
0 110 20 30 40| * * )

CRYSTALS | 27 | 36
FILTERS & NETWORKS s |39
RELAYS 81 | 318
INTEGRATED CIRCUITS 108 | 26l
INDUCTIVE DEVICES 125 | 4
SWITCHES 92 | 105
TRANSI STOK> .34 .82
CAPACITORS .38 12
RESISTORS R .36
OIODES 35 44

P-4 T ALL OTHER

Figure 33. Incoming Test Experience, APQ-113/114/14¢ versus Other, 1967-1971
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(b) Extended Parts Screeniggl- The objective of Extended Parts Screening was to
extend the ?.gaplication of screened electrical piece parts within the radar from 29% to
nearly 100%. The time phased implementation of this program with the corresponding
growth in system complement of screened material is shown in Figure 34.

8

-~
w

%

PERCENTAGE OF SYSTEM COMPONENTS SCREENED

2D QTR 4TH QTR 15T QTR 15T QIR
1966 1966 1967 1968

Figure 34¢. Extended Component Burn-in Effectivity

An in-house screening capability was develeped in October 1966 because supplier
screened material was not available, or the supplier was either unzbdle te respond to
gschedule needs or the price for screening was excessive.

Substantial General Electric Company investment was pruvided to establish the
in-house parts screening capability. Included in the initfal cost were the special test
equipment, temperature chambars, area facilities, increased material cast, and parts
drawing upgrade. The screening facility developed was capablie of screening all generic
part types, except microcircuits, at a six radars per week rate. The screening pro-
gram utilized Incoming test capability wherever possible; however, the screening per-
formed was in addition to Incoming test.

) Every device was tested in the same sequence, both before and after environmentai
§ exposure, and data was recorded automatically on punched paper tape, using in<house

designed and constructed Data Loggers. Drift criterta, established {or each device type,
determinad the part's acceptability. E

The screentng varied within the generic part category, depending on part applica-
tion and problems detected through fn-process test and failure analysis. Table XIV
§ describes the basic screening sequence for all device types as documented in screening
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TABLE XIV. PARTS SCREENING PRACTICES, APQ-1i3/114

SCREENING TYPE
OPERATION AND
SEQUENCE

100% RECEIVING
INSP, {ATIRIBUTES)
100% LEAK TEST
(HERMETIC SEAL)
100% X RAY

100% MECHANICAL
INSPECTION

100% SELECTED PARAMETER
MEASUREMENTS

9% TEMP. CYCLE
-55 10 + 2571135/200°C 5 CYCLES

100% SELECTED PARAMETER
MEASUREMENTS

¥

1530175°¢C

100% SELECTED PARAMETER
MEASUREMENTS
100% POWER GURN-IN 168 b
% 10 15% HRS 7 HRS
100% SELECTED PARAMETER
AEASUREMENTS

HRS 77 AT

% 58
/f’!,, ]

! ; » ] / 1{ 5 {”;‘7 7 /t/’/?s ?Zg ’; ,.Jﬁ'/ 2597
100% REVERSE BIAS BAKE a8 8} / j/f{ ;{/% .
£ Y i

+APPLICABLE

specifications for each generic part category, which were the same in-house as {or the
suppliers, including 1ot jeopardy roguirements. The lot jeopardy requirements for in-
house sereened devices were negotiated with the suppliers so that there was no guestion
of responsibility for defective lots. On supplier screened devices, it was nocessary Lo
review the sereeajug data because matorial was received exceeding ot joopardy re-
Quirements.

By early 1967, 710% of all APQ-113 eclectrical componeits were being S¢reened
either in-house or by a supplier. ta-house screening reached its peak in 1967 and 1968,
By this time, industry component suppliers had implemented sereeniny facilities:
therefore, when it became cost effective, sureentng respeasibility was transfercod to
the suppiior. Table X {llustrates this trend in returaing soreening respoasibility to the
supplier where problem ideatification and corrective action is muore timely and etfective.
With the start of the APQ-i44, agproximately 89% of the material was supplier Scroeust.

Plece part streening proved effective fa tdeatifying pattern pari prodlems avd in
removing infant fatlures and mergloal eatertal, as lustrated in Takle XV, where
screening fallowt was nearly 360, 600 parts, or aa zverage of 1% of the pogutation
screencd during the years 1967, 1968, and 1969. This represents an equivileat of 26
radirs® worth of material in this period Ukt was discarded at the carlicst and wost effec-

tive poiat in the process.,

18




N

TABLE XV. PARTS SCREENING EXPERIENCE - 1867 TO FIRST QUARTER 1969

APQ-113 & APQ-il4 REJECTS
DEVICE TYPE TGTAL NUMBER | TOTAL NUMBER HIGHEST %
SUBMITTED REJECTED | %OFTOTAL | OF A LOT
INTEGRATED CIRCUIT | 319,289 8,104 1.5 Y
TRANSISTOR 508, 119 08, 5% 13.%0 15
DIODE 135,38 13,821 B2 50
RESISTOR 830, 360 4,518 5.0 %
CAPACITOR 6,895 5,83 1% 68
TOTAL 2,699,976 2,87 10.85 -

{3) Subcontract Item Envirenmental Screening

{a) Initial Program - MPI subcentractor production equipment performance was
initially measured through 100 percent end item ambient acceptance testing witnessed
at the subcontractor's facility by Quality Control subvontract specialists during periodic
surveillance visits (Figure 31). After the MPls were accopted, severe problems were
experienced ranging frem rejection at incoming test, through frequent eatastrophic
failure at all equipment test lavel)”, o sulkle periormance degradation vpon eaviron-
mental exposure in radar equipmet tests. Two swecilic examples, the Camera and
D/A Converter, each tad failure rates which exceeded the allowed radar wiuhxmy dem-
oastration test Gilure sate.

L) Aw@u Taken « Substantial technieal Support was provided to the subcontrac-
tors. The¥ were advised of, or provided cutright, General e.m:tris: Aeraspace Blectros.
e Sys'oms Departnent's part selection practices | circuit design unprovements, tadlure
amalysis support, and guality conteol assistance. This eifort resultsd in improvement
W0 MPI delivery rates with items having the abiluly to ¢a88 short duration roam tempora.
Wre 2ccepance tosts, However, there was 53 a6 wucceptably high squipitent in-proc-
55 test Riluve rate. This would not permit meatisg the roliabiity qualificalion test ree
quirements, where MPIk had e be essentially filure-free fur relatively losg periads at
varioes enviroimaental tost levels,

The cortective action implemonted had fised only the gross MP1 quslity and design
deftcioncies inilially experionced, lesving the subtle qeality problems associated with
the MY subceniracters’ manuiaciuring oporaiions, and o satue cases. lof problems
with pices part ¢elecirical commoditios. I was also iecreasingly ditficult to obtatn sub-
contractor corrective action, espectally for those fatlures during LRU eoviroamental
screening, since the subdoniracior's position was that the items had beet arcepied,
atcording (o specificating, which reguired oanly a short duration functional acceplance
test al room ambicat temperature.
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{¢) Burn-In Initiated - To identify problems before installing the MPI in an LRU, .
temperature cyeling burn-in of two of the items (the D/A Convarter and HVPS) was
initiated at General Electric, In parallel, and while negotiations were started to screen
all of the MPIs at the subcontractor's facilities, 100 percent on-receipt testing was in-
stituted providing the capability of verifying the subcontractor's test results, and
equally as important, the capability to efficiently verify and troubleshoot failed items
from higher test levels, -

{d) Results Experienced - The effectiveness of subcontrs. Ptor temperature screen-
ing is illustrated by the LRU burn-~in failure rate improvement of t#&'of the most
problem-plagued MPIs, the Camera and Indicater HVPS, after implemergtation of sub-
contractor burn-in. The Camera experience is depicted in Figure 35 which shows the
failure rate in LRU burn-in as a function of calenda: time. Early poor Camera per-
formance was indicative of initial design problems, foliowed by inadequate control of
manufacturing workmanship. Substantial improvement was achieved by mid-1987, but
an unacceptably high failure rate plateau persisted. Upon imposition of the subcontractor
environmental screening, the failure rate dramatically reduced by a facter of appro:i~
mately 6.

3.0
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2.4

L

2.2 ' l K
2.01

2

“1.87

1.61

1.47
1.2

1.0 INSTITUTED SUBCONTRACTOR
o o~ BURN-IN

.67
.44

4 W

vz [aJarTels e Ta]sTaln ]« ]%14‘1_12 3

1966 1967 1968 | 1969 1970

FAILURES/LRU PROCES

Figure 35. Camera Failure Rate at LRU Burn-in, APQ-~113

The HVPS failure rate a« LRU burn-in (Figure 36) increased through the third
| quarter of 1967 due to early design problems. poor workmanship and coneurrent probe-
lems, such as faulty component piece part lot problems, and the inability of the sub-
contractor to provide effective corrective action. During the increasing failure rate
period, actions being taken actually degraded the performance because "corrective”
action effectiveness was not adequately test validated by the subcontracter prior to tn-
corporation. The {ncreasiug fajlure rate shown on this chart also notnts out the limited
etfectiveness of MPI environmenta! screening being performed by the cgquibment mianu- .
facturer, because the HVPS was screeuned at the MPI level at General Electric from late .

i -
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Figure 36. HVPS Failure Rate at LRU Burn-in, APQ-113

1966 to the start of subcontracto: screening. Tigure 37 documents the problems experi-
enced from the start of burn~in at General Electric and the extent of technical assistance
previded to the subcontracter in the solution of those problems. In retrospect, it {llus-
trates the need for contrel of subcontracted products using all ~7 the practices, pro-
cedures, and disciplines applied to the prime efquipment. Followiny impesition of suh-
contractor screening, an order of magnitude failure rate improvement was achieved in

a relatively short period.

d. In-Process " “esting

(1) Subassembiy Test

Sutassemblies were wire-chotked, then 100 percent functional tested to fHter out
process problems, manufacturing errors, and defective parts, at 2 poin? in the i
process test structure where rework costs are mintimal {Figure 311 Ag part of the
upgrading restrocturing of the test pe cgram, a waige speciftcation system, or a toler -
ance fuanel screen, wasz developad 9 provide additional eircuit performance marging st
the subassembly level to assure miaimum circeit compatibility problems at the highor
LRU test levels, particularly un2er the preironmental conditions tmposed at LRU Burn-
Tn.
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FUNCTION PHYSICAL REQUIREMENTS
AR
PARTS COUNT 140

SUPPLIES VOLTAGE SIZE 40 CUBIC INCHES .
TO RADAR DISPLAY WEIGHT 2 POUINDS 15 QUNCES
1966 1967
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PROBLEMS ! HIGH VOLTAGE RECTIFIER I
C =} COLD START
]
"3 TRANSFORMER conslw’e CHANGE
L3 SHORTED CORE TURNS
t
’z: INVERTER TRANSISTOR
CRACKED CASE SEAL T ">
GE ACTION
—— STRESS .
TECHNICAL ANALY SIS DESIGN REVIEW MATERIALS CONSULTATION
ASSISTANCE
[TCTRCUIT ANALY SIS
BURN-IN >
QUALITY 1 T
fGcresioent ] | SURVEILLANCE )1
+ 7
ASSEMBLY FAILURE EVALUATION
RELIABILITY ui ]
ASSISTANCE L £21LED PARTS ANALYSIS
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PARTS SELECTION & EVALUATION] )
{ GE ENVIRONMENTAL TEST EQUIP -
RESOURCES -
{ MATERIALY FROCUREIAENT |
}

Figure 37. Major Procurement Problem Plan, APQ-113 udicator Power Supply

{2) LRY Test

Initially 100 pereent ambient functional testing at LRU level {Figure 31) was be-
lisved adequate because an LRU was comprised of a cabinet with wire ehecked com-
ponents and harness, pretestud plug-in subassemblies and Major Procurement ltems
Reing only a higher order assembly of 1] these previously tested items, the LRU test
was structured (o measure the performance of the tntegrated components prior to syy-
tems level test. Reliability evaluation test ostablished the need for an equipment en«
vironmental test soreen to deteet subtle manufacturing induced problems. This screen
was implomented at the LRU test level based on cost elfertiveness tradeofls.
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{3) Product Environmental Screening

A temperature cycling burn-in was added at the original LRU test level (Figure31),
dividing the LRU test into three distinct operations. A minimum operational test was
devised, for cost effectiveness before burn-in, to provide assurance that the LRU func-
tioned properly before installation into the environmental chamber. The burn-in test
itself consisted of LRU operation during ten cycles of temperature exposure with the
constraint that the last two cycles be failure-free. The post burn-in LLRU test, after
removal from the environmental chamber, consisis of a complete functional test which
is a comprehensive expansion of the acceptance test specification.

(@) Burn-In Environment - The six major LRUs of the APQ-113 Attack Radar
processed through Environmental Burn-In are the Antenna, Pedestal, Antenpa Control
Unit, Synchronizer, Indicator/Recorder, and the Receiver-Transmitter- Modulator.
The Tracking Control Unit, Radar Control Unit, and the mounting rack were not sub-
jected to burn-in owing to the small number of alectrical parts and the absence of active
components .

In total, for the APQ-113, APQ-114 and APQ-144 Prograr:, 3372 LRUs (562
equivalent radars) were processed through burn-in, During this pevicd, the LRUS were
subjected to 127, 000 hours of environmental exposure while accumulating 70, 060 hours
of operating time,

All LRUS regardless of whether they were to be processed as spares, equipments,
or eventually as Reliability Demonstration Systems, were subjected to the same burn-
in disciplines consisting of temperature excursicns which are similar to qualification
test levels.

Figure 38 depicts the two different temperature profiles utilized in the tast. The
first profile is for that equipment mounted in the cabin and equipment bay areas of the
aireraft, the second profiie is for that equipment mounted in the radome area. Buarn-in
tomperature lavels for these LRUs are as {ollows:

Antenna
Pedestal > -30° F to +205° F (Radome)
Antenna Control Unit

Synchronizer > °ox ——
Receiver -Transmitter -Modulitor > ~65° F to +160° F (Equipment Bay)

Indicator /Recorder > ~65° F 10 +160° F {Catin)
Cooling air is also suppiied to the LRUs under test as dopicted in Figure 38. The

cooling air flow for each LRU is a {ixed flow rate, determined by the minimum flow
reGuirements, for each LRU at its maximuwm operating temperature.

The temperature of the ceoling air is determined by the test chamber temperature.
When the chamber temperature is below room ambient temperature {75°F), cooling air
is supplied from he tast chamber In ordor to tharmally stabilize the unit. When the
chumber temperature exceeds room ambient temperature, cooling air at 75*F is pro-
vidad to the units under tost.
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Figure 38. LRU Burn-in Test Cycle, APQ-113

The total environmental exposure received by an LRU was dependent on its failure
performance burn-in. When burn-in was {irst imposed on the APQ-113 Program in
1965, the exposure criteria required that each equipment be subjected to 10 environ-
mental cycles with the constraint that the last two cycles must be failure-~free. Each
cycle was of 8 hours duration. Figure 39 depicts the average number of cycles of burn-
in encountored on the various LRUs throughout the program. The vertical arrow indi-
cates the range of ceycles which were required te complete the two-cyele failure-{ree
criterin. The dots on the arrows indicate the average number of cyecles required duy-
ing that portion of the program. Note that on the APQ-113 Program as many as 22
cycles were required to compleie the two-cyele [ailure-free eritoria. This trend was
significantly reduced as production quantities increasod and the design matured. N

Throughout the program, burn-in performance was monitored for failure trends
and LRU performance. Problem detection and implementation of corrective action in
the early portion of the program had a dramatic efiect on the number of environmental
eycles required to oWain two fallure<Iree ¢cycles. As this average decreased, the 10-
eycle critoria was re~appraised and in August 1967 it was reduced to 4 and 6 cycles.

The Anteona Control, for example, in the early APQ-113 Program provedtobea
problem unit and reguired as many as 22 cycles to attain the two required fatlure<freoe
eycles. A problem existed in the ACU with two electro-mechanicat assemblies which
caused repetitive burn-in failures. This portion of the ACU was redesigned and the i
electromechanical assemblies wore replaced with solid stafe cirouitry. This action is
typtcal of those encountered which impacted the carly failure sate of the radar.
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Figure 39. LRU Burn-in Cycle Performance

Burn-in test stations were implemented by LRU with each station consisting of an
eavironmental chamber fixtured to accept 4 to 6 LRUs, and a special test station with the
capability to stimulate all units simultancously and measure the units sequentially.

The test chambers utilized primarily employ mechanical vefrigeration and can
achieve a temperature range of +250°F ta -80° F with a rate of change of 5° F per minute.
CO2 boost s available to achieve greater rates of change or to act as backup to the
mechanical refrigeration in the event of failure. Rach test chamber was fixtured to
house multiple quantities of an LRU. The fixturing was designed for ease of mounting
and simulated the aircraft mounting for attachmen! points, electrical connections, and
cooling air inlets.

The test equipment utilized to provide the electrical stimulus to the univ wikder test
is simtlar 10 that wtilized during acceptanne testing. The eguipment is modified, how-
ever, to provide stirmulus to all the uaits under test sinmllancously. Quantitative tests
are conducted sequentially on each unil to determine performance under environmental
stress. The extent of squipmont performance monitoring capabiiity during buarn-in must
be adequate to assure detection of tomperature ~sensitive tailures, or intermittent condi-
tions, which will go unnoticed in subscequent ambiont testing and escape to fail, perhaps
in fielded equipment.

Figure 40 is a photograph of the Synchrotizer Bura-ln Facility. The placement of
cach of the LRUs s such that e2sy access may be attained in the event that in-place
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Figure 40. Synchronizer Burn-in Facility, APQ-113

troubleshooting is required. Although the test facility was not intended as a trouble-
shooting facility, failures did occur which were thermally related and would not occur
at ambient temperature. To cope with this problem, special test covers and fixtures
were fabricated for the units which would ailow test poinis to be monitored internal to
the unit. This provided the ability (o izols.e problems to a componeut or group of com-
poneuts. _

(4) Equipment Test 7

The Equipment test (Figure 31), witich originated durjng the APQ-113 development
program phase to agsure that the LRUs were compatib le as an integrated radar, wasnot
changed during the progre m restructurirg, as the emphssis was directed at identifying
the problems early in U:e test flow, well before equipment test. The improvements in-
corporated at the APQ-720 equipment test level are reported to be based on problems
experienced with the performance of delivered equipn:ent.

(5) RAT Test
Approximately 30 percomt ¢f the APQ-113 radars were subjected to 130 hours cach

of reliability acceplance tests (Figure 31) where they were environmentally exposed to
temperature extremes 2nd cyeling and fixed froquency vibration. Oa completion of the
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RAT test, the radar received a complete functional test. The RAT testing for the APQ-

120 is shown as a change to the original program, a3 it was originally required but not
performed.

e. Test Program Effectiveness

The overall upgraded test program structure was designed for optimum cost
effective defect screening by emphasizing controls at the beginning of the process,
where failure costs are at a minimum, through parts burn-in, 100 percent incoming
test and product environmental screening. Described in a failure distribution model
(Figure 41) the APQ-113 upgraded test program cumulative screening effectiveness
averaged 99 percent as measured from parts screening through Reliability Assurance
Test (RAT). The model takes into consideration that Quality/Reliability of delivered
radars, with respect to residual defects, is dependent on the quality level of material re-
leased to the product flow, the number of workmanship defects introduced during manu-
facture and the screening effectiveness of each test,

SUPPLIER
e

PARTS o4 S LATENT DEFECTS/EQUIP. REMAINING
SCREEN 19 2.1 g FQUIVALENT FAILURES/EQUIP. (VALID)
WNCOM } DETECTED
U | WORKMANSHIP GEENERA\’ED
a -V EQUIV. FAILURESIEQUIP.
1199 U SUB ASSY. |,
648

4}

SCREEN [ F12Y J { g% l
mtcnvmtssl b l [m J L”‘J

Tyt

ATV

e () [ (] [ [
LECTIVENSS

Figure 41. Failure Distribution Model, APQ-113 Test Program Effectiveness

Part failure analysis results, discussed elsewhere in this report, established that
3 of every 10 reported in-process part fajlures were verified as part screening escapes,
or supplier responsibility fatlures. Factoring this dala into the moudel and converting
the program total failures per 1000 parts processed to equivalent fallures per equipment
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established the level of supplier responsibility part failures entering the process at 1264 L
failures per equipment, The maaufacturing workmanship induced failures were extracted ’
irom the same data source and entered in the model at the subassembly and LRU test
levels. To simplify the model, the unverified and induced part failures were excluded.

The model shows that Parts Screening was most effective in that 94 percent of the .
potential part failures per equipment were precipitated, leaving only 74 part failures per :
equipment to be found. One hundred percent incoming test screening of the high quality
parts submitted reduced the quantity of latent part failures per equipment to 9.2 basical- -
1y establishing incoming test as an 88 percent effective screen. Subassembly manufac-
turing introduced 19 workmanship defects per equipment into the equipment in addition to
the 9.2 part failures per equipment escaping earlier screens. Subassembly test preci-
pitated a conbined total of 21 workmanship and part failures per equipment, allowing 7.2
to escape to the LRU level where an add1tiona1 2.1 workmanship defects per equipment
were introduced.

The 9.3 failures per equipment introduced at the LRU test were screened at three
levels: operational, burn~-in, and acceptance test. Burn-in alone accounted for over 50
percent of the LRU test level failures precipitated. The value of burn~in can be further
assessed by looking at the 0.4 failure per equipment precipitated during Reliability Assur-
ance Testing, the first equipment environmental exposure subsequent to LRU burn~in.

It is shown from this data that the level of failures introduced to RAT would have been
approximately ten times higher had burn-in not been performed. This is an indicator of
the contribution of factory prodict environmental screening to initial improvement in
performance of fielded equipment, and of the substantial cost leverage available in find-
ing the environmental related failures in the factory as opposed to aircraft flight.

¢

5. FAILURE DISTRIBUTIONS/PERFORMANCE MEASUREMENTS ANALYSIS M
This part of the Production Reliability Program subsection examines and analyzes

the accumulative APQ-113/114/144 manufacturing test fa.xlure data and is organized as .

follows: :

® Program Performance Analysis

Trends Time Phases

Early versus Mature Measurements
Test Level Failure Distributions
LRU Failure Distributions

® Parts Performance Analysis

On Receipt Quality
Parts Screening _
Test Level Comparison

@ Product Environmental Screening

Screening Effectiveness
Temperature Effect
Reliability Growth

Burn-In Failure Distribution
Screening Value

128 '




MOk > onmmm  mean o

e mamn i o e [V

T

PPV

.. ‘
~ —. H

a. Program Performance Analysis !

(1) Trends Time Phased

Equipment performance as measured by average failures per equipment during i
factory testing improved significantly from initial RDT&E failure levels to downstream :
equipment production configurations, Figure 42 shows this trend, at just equipment test :
level, portrayed time phased by equipment program. The chart also showa the initial :
negative effect on performance of equipment configuration changes for design inherited :
programs where there is still a high percentage equipment commonality. The initial ‘
setback in failure rate for changed production equipment configurations compares with
that experienced in reliability qualification testing. The conclusion from this data is
that an initial reliability performance penalty is associated with changed equipment, the
degree of which is probably a function of the amount of change and the amount of evalu-
ation test performed prior to introducing the change. In the case of the APQ-114, as-
sessed as a 20 percent design change, the initial sethack to equipment level test failure
rates was approximately 30 percent from the on-going production APQ-113 performance
level. This initial failure rate gap steadily decreased with time, as the APQ-114 test
performance improved, and the APQ-113 leveled off. The significantly improved start-
ing point for the APQ-114 as compared with the initial APQ-113 is fundamentally due to
the high percentage commonality between the two equipments permitting the transfer of
the learning. .

10
APQ-113 RDT&E

START APQ-113 PRODUCTION

FAILURES/ EQU I PMENT

'OTIIIIV"_[v‘"

T r
1966 1967 1968 1969 1970 1971

Figure 42. Equipment Test Performance - Factory

129




P e e LY 4 e e

The initial APQ-144 test performance, while 15 percent better than the initial
APQ-114, still exhibited an increase in failure rate, approximately six times higher
than realized on the APQ-114 program, due to the changes introduced and a break in
production deliveries. The rate of performance improvement and the levels achieved
by all three configurations reflect the effectiveness and timeliness of corrective action
in elimination of systematic failures and the increasing difficulty in sustaining corrective
action at a constant rate as the failure-free boundary is approached.

(2) Early versus Mature Measurements

Examining portions of the same data in two different program time frames de-
scribed as "early' versus "mature", to dstermine the in-process failure trends versus
time, provides further insight. Figure 43 describes the average failures per equipment

during the first half (early) of the APQ-113 program versus the last haif (mature) aver-
age of the APQ-114 program and distributes the failures by test level.

18T
16 1

1 1

o EARLY APQ-113

& MATURE APQ-114
1 —— WORKMANSHIP

8 ~—— PARTS

FAILURES / EQU1 PMENT

SUB  le————— [RU ~————w{ EQUIP.
ASSEMBLY OPER  BURN-IN  ACCEPT

Figure 45, Program Failure Trends -

Subassembly test is the only lavel in the in-process test flow where workmanship
failures exceeded part failures. This relative position did not change throughout the
program even with the 23 percent average workmanship improvement achieved at sub-
assembly test in the mature phase of the program. Workmanship problems, which are
classified as induced, occur at a significantly lower, and ever decreasing rate, at the
equipment levels from LRU opurational through equipment test.
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The mature APQ-114 equipment realized a 70 to 80 percent reduction in workman-
ship induced problems at the equipment test level, becoming essentially failure-free in
this category. There was also a reduction of approximately 28 percent in workmanship
failures at LRU burn-in. The evident lack of improvement at the LRU acceptance test
for both workmanship and part failures is attributed primarily to the high effectiveness
of the burn~in test as a screen from the beginning of the program.

The mature equipment component part failure rate improvement of approximately
25 percent at the subassembly level, Figure 43, parallels the workmanship improve-
ment. The component failure rate improvement at burn-in averaged 33 percent.
However, the most significant factor is the effect of the product burn-in screen as a
failure precipitator even on environmentally sersened component parts as is shown by
the sharp rise in the part-related problems at burn-in. The number of part failures
precipitated at burn-in is approximately 45 percent of the failures precipitated at all
LRU test levels. Dimensioaing this precisely is difficult due to bura-in induced failures
being detected and reported as having occurred at LRU acceptance test. Based on this
data, it is concluded that without product environmental screening only one-half of the
potential failures would be found through equivalent level ambient testing.

Another observation is that, even with the reduction in part reiated failures at
burn-~in in the last half {mature) of the APQ-114 program, burn~in continued to be an
effective screen.

At the LRU operational test level, the workmanship to part failure ratio was
nearly one-to-one throughout the program. This is attributed to the limited operational
test being a low discriminator for part problems, but finding the obvious workmanship
problems which is fundamentally what it was established to do.

(3) Test Level Failure Distributions

An analysis of all the factory in-process test failures (Figure 44) on the APQ-113
through APQ-114 showed that nearly 70 perceat occurred at the subassembly test level.
The subassembly failures were almost equally divided between workmansghip and parts
related problems with workmanship problems being siightly higher. As the cost of find-
ing and correcting failures at this level runs one-third the vost at the LRU and one-{ifth
at the equipment level, it emphasizes the value of structuring a test program to include
comprehensive subassembly testing. This chart also shows the decreasing incidence of
workmanship problems with progressive test levels, until pirts related problems be-
come predominant, reaching the 85 percent level by reliability acceptonuce tasting.

Looking at the in-process failure data, with subassembly failures included, is
necessary for an overview but tends to overshadow the equipment lovel {ailure trends
due to the front end weighting. Figure 45 displays the APQ-113, -~114 and -144 data
excluding subassembly failures for analysis purposes. The impact of LRU bura-in on
equipment level testing is clearly evident as LRU burn«in accounted for 40 percent of
all equipment level failures. The distribution of part related failures to all fatlures at
each test level is also shown. The overall trend to 85 percent part failures in re-
llability acceptance testing is the result of the progressive elimination of workmanship
failures with increasing test levels. In both levels of temperature testing, LRU burn-in
and RAT, the percenuge of part fallures relative to workmanship sigunificantly increase.
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Figure 44. In-Process Test Failure Distribution, APN-113/114/144
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Figure 45. Test Love! Falure distritation, APQ-113/114/144
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(4) LRU Fatlure Distributions

The distribution of factory in-process.test: failures by LRU over the APQ-113,
-114 and -144 programs is.displayed “in Pigure 46 which shows for each equipment level
of test the percent of total problems experienced by «.ch LRU. The initial observation
s that the apportionment of fajlures by LRU follows the complexity pattern established
by LRU parts count as the RTM, which has about 30 percent of the radar's parts, ac-
counted for abou‘ 32 percent of the probiems, while the ACU, having about 13 percent of
the parts, also expu.ienced an average of 13 percent of the problems. The Synchronizer
and Indicator/Recorder LRUs departed significantly from this pattern. TheSynchronizer
experienced only about one-half of the problems expected on this basis, while the Indica-
tor/Recorder experienced twice as many.
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Figurc 46. Part aus Workmanship Fatluret, APQ-113-114/144

The better than ramﬂftexi Synchronizor performance ¢an be accounted for, based
on its digital integeated circuil design and reRimentad printed wiTing assembly gacsaging
configuration. Furtier suwara to this alfect ix provided by the low workmanghip (o pavt
tailuve ratic 28 compared with the ather LRUs. Most of the Syachvosizer warkmanship
problems were dantifiod and correcled at boant tesl ot svhassembly level. Conversely,
the Indicator Recdter ohtered LRY level tadt with a digh proporiion of chassis mouited
parts st tested at the subassembly level, .

Figure 48 shows how the approkimately 0% environmentally precipitated failuores
wore disteiintad by LRY over the ealivre APQ-INZ 1 142 programs. Details of the
APQ-154 data alone are discussad izter o relationship to Figure 4V, Althoogh the
Syachroaiser wae gecownd W the RTM in bira-ta failures per TRU, the Syachronizer was
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Figure 47. APQ-144 LRU Burn~in Failure Distributica

subjected to a minimum of four cycles while the other LRUs all were exposed to a mini~
mum of six. The Indicator/Recorder failure trends by test level vary from the other
LRUs at operational and burn-in testing. The higher failure rate at operaticnal test is
attributed to the chassis mounted components, untested at subassembly level, and ‘{he
low level of fajlures reported at burn-in is because of the limited availability of test
points for this LRU in the environmental test chamber. As & aosult, the Indicator/
Recorder mrn-in precipitated {atlures were detccted and reported at the LRU accept-
ance test level.

Extending the LRU failure distribution comparison to include the reliability test
(RAT), as well as the platform and field experience, provides ihe picture shown in
Figure 48, The additional data from these test or field experience levels closely cor-
responds with the factory experience, the conclusion being that problem distribution by
LRU, as experienced in the factory. is essentially the same djstribution in the field aod
may therefore be used as a valid predictor of relativ~ field performance.
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Figure 48. Progressive LRU Performance, APQ-113/114/144

b. Parts Performance Analysis

{1} On-Receint Quality

Figure 49 uses supplier data to illustrate the lot-to-lot variation in screemng re-
ject rate experiencad by the supplier. Lot-ta-lat variation is expected when it repre-
sents the first sereoning of a productior lot. However, a similar degree of variation
iz obaerved at leenming Test after completion of supplier scveening. Lot-to-lat quality
variation is typicaliy experienced at Incoming on 100% screencd material as Flgure 50
tHustrater, which supporis the neod for ncoming Test control evan on screened
mataviai.

bt

Data rollected from 1838 through 1971 and displayed in Figuroe 51 shows screened
versus nonscrosned matertul rejection rites, Based on Incoming ambient test measureg~
monts. The 3:1 average improvement factor is an early indicator of the improved 1t
quality of streened material which i attributable te the adaitioral supplier testing, re-
sulting in removal of defoctive parts from the it population. This eatin is not  meas-
ure of tap value of aereening, 33 the trae value caonot be determined through ambient in-
coming tosting. However, itdosd establish the ditference in the level of an-<receipt
problens that cas be expected beiween screvned and nonscreened material.
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Figure 51. Incoming Test Perlormance, Screcned versus Nongcreened
{2} Parts Screening
Comparing the data results presented on Figure 31 and Table XV shows that parts

screening precipitated an average of 11% failures while Incoming ambient testing of
nonscraened material, in the same calondar time period, precipitated less than 1%. This
data comparison establishes that the quality of environmentally screened material enter-
ing the manufacturing process was, on tha average, an order of magitude improved over
the nonscreened. It cannot be concluded that all of the sereening pracipitated failures
would have subsequently failed at higher level tests. or that parts screening is 100%
effective, as even screened material {ails at measurable rates throughout the equipment
level testing program.

The immediate berefits of parts screening are {ound in the reduced equinment
mamnufacturing failure costs, and in initially lmproved equipment MTBF performance
achieved through the reduction in infant mortality fatlures.

While parts screening's immaodiate advaninge is in the elimination of infant mor -
taility {ailures, tho long term contribution to equipment MTBE performance lies in the
tdentification of pattern part probloms for corrective action. For staadard parts, the
failure vate advantage resulting Irom elimination of & pattern problem will be short term
and tnitially only with the screened vergion, since the improvement made and factored
into the part design or process will apply equally to the unsereened stavdard part. The
same advantage, however, does nat oxtemd to comparisons botween screened and non-
sereoned, nonstandard parts and specialty items, because the corzective actton 18 most
probably uniquely, and only applicable, to the sereened version. These {actors need (o
be considered in accounting for MTRBF performance differences of mature equipments
which had different complements of 2creened miterial when manufactured.

: 137




(3) Test Level Comparison

Figure 52 traces the performance of the APQ-113, -114 and -144 electrical com-
poanents, specialty items, and major procurement items from the parts screening level
through equipment reliability testing. Because of the overlapping of the performance
trend lines for integrated circuits, transistors, diodes, capacitors, and inductive de-
vices, the area representing their performance has been shown shaded in. Resistors
because of a significantly better than average failure rate, are shown separately.
Specialty devices and major procurement items are also shown separately because of
higher failure rates. One of the key points of this chart is the orders of magnitude im-
provement in part failure rates in going from test ievel to test level during processing.
This may also be described by pointing out that the part failure rates in reliability
testing are on the average ten times better than measured during in-process factory
testing and the failure rate experience in factory testing and incoming is on the average
ten times better than the part screening failure rates. This relationship established a
rule of thumb for parts performance improvement from parts screening to factory to
reliability testing of a {actor of 10 for each level. If the major procurement item per-
formance were normalized by part complexity, their parts failure rates would fall within
the chart's shaded area. However, the MPI performance is a unique problem discussed
in another section of this report.
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Figure 52. Progressive Parts Performance. APQ-113 114 144

¢. Product Environmental Screentng

Amalyzing the APQ- 144 burn-in dala shows the screening effect of temperature cy-
cling, per cyele of exposure, on Rilure procipitation fer cach of the electzonic LRUS of
the radar (Figure 47). The 4ata shows for the APQ- 144 equipment is considered to by
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representative of mature product burn-in experience because over 400 LRUs of each
type had been previously bruned in, even though functional and configuration changes had
been incorporated in going from the APQ-113 to the APQ-144, The curves indicate a
relationship between failures and LRU complexity, measured by parts count, as the
failures experienced per cycle generally increased with the LRU's parts complexity.

Environmental screening of complex avionics equipment, for even mature pro-
ducts, is effective, as demonstrated by the average of approximately two failures per
APQ-144 Synchronizer processed, that were precipitated within only four environmental
cycles. Similar, but somewhat fewer, failures were screened out of the other less com-
plex LRUs.

(1) Screening Effectiveness

Figure 53 i8 = measure of temperature screening effectiveness and again on
mature equipment. It depicts on a cumulative basis, by burn-in cycle, the percent of
LRUs processed which failed. Since ounly the initial failure of the LRU was counted,
and in the cycle in which the failure occurred, the end points equal the percentage of the
LRUs preocessed which failed during temperature screening. In the case of the Synchron-~
izer, the curve shows that over 80 percent had failed at least once, by the fourth en-
vironmental cycle. It also means that only 20 percent of the Synchronizers went through
temperature cycling failure-free. The number at the end of the curve represents the
average number of fatlures occurring on each failed LRU, The data shows that on the
average, Synchronizers failing burn-in experienced over two failures each. Slightly
over 40 percent of the less complex ACUs failed, averaging 1.5 failures each.
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Figure 53. LRU lurn-in Screening Effectiveness, APQ-144
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Significantly, of all the LRUs that failed, approximately one-half failed in the first
temperature cycle.

(2) Temperature Eifect

The effect of temperature environment on failure precipitation, for the tempera-
ture profile utilized, is reflected in Figure 54 establishing that over two-thirds of all
LRU burn-in failures were observed at low temperature, The significance of this ex-
perience is that if it were not for this factory product environmental screening, the pre-
ponderance of these burn-in precipitated failures would have occurred when the equip-
ment was installed in the aircraft and subjected to flight environments. On the APQ-113
-114, and -144 some of the failures would have occurred during the reliability accept-
ance sample test.

AVERAGE FAILURE DISTRIBUTION

qu
6% LOW \ repp
“ 2% niek) ™
3 2 FAILURES/FAILED LRU
S .o TOTAL FAILURES
o
= ' PRODUCT MATURITY
g JUNE'T0 - DEC. 'T1
=
-0 e
[V,
&
>
<
0] LOW TEMP
1 2z 3 & s T 6 1 8

LRU BURN-IN CYCLE

Figure 54. Product Environmental Screening - Temperature Effect, APQ-144

(3) Reliability Growth

Assuming that the only value of 100 percemt product environmental screening is the
identification and removal of infant mortality foilures, the effect of not performing the
screening would be of just transferring the cost and respons;bility for finding and fixing
those problems to the customer at platform and field levels, at considerably greater
expense. Furthermore, under this assumption, most of these initial fallures would
occur and be corrected in the first hundred hours of equipment uperation undes Tlight
conditions, and would not negatively bias long term wuipment MTBF performance
measuremonts.

However, the real value of product environmental screening is in contribution to

reliability growth through {dentification and correction of pattern problems. Figure 55
shows the inftial LRU burn-in experience for APQ-113 equipment 6 1966 and 1967 as
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Figure 55. Product Environmental Screening - Initial APQ-113/Mature APQ-144

compared with the 1970-71 experience with the APQ-144. The screening effect of tem-
perature cycling can best be described by the improvenent in failure rate with increas-
ing temperature c¢ycles by removal of infant failures. 1 ihis were all that occurred,
then it would be expected that the APQ-144 curve would overlay the APQ-113. The

fact that it does not makes it clearly evident that a significant reduction in failures was
achieved. This reduction is attributed to an aggressive reliability program addressing
all burn-in failures. It {s also further evidence that burn-in precipitated failures are not
solely of the "infant mortality variety” but are comprised of pattern failures with distinct
failure rates which are correctable. On the initial APQ-113 equipment, the average
failures per LRU processed were 4 and leveled out at 0.3 after exposure to 2 minimum
of ten temperature cycles. The APQ-144 equipment, three years later, averaged 1.3
fatlures per LRU and through a minimum of six temperature cycles exited burn~in at an
average of 0.1 failure per LRU processed. This is a measured product performance
improvement of 3:1 under environmental conditions.

(4) Burn-In Failure Distribution

Figure 56 further breaks down the failures experienced at the LRU burn-in test
level for the APQ-113, -114 and -144. The category described as parts fatlures and
discussed elsewhere in this section actually included both major procurement items
and specialty devices.
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Figure 56. LRU Burn-in Failures - Parts and Workmanship, APQ-113/114/144

Major procurement items and specialiy devices together accounted for over 20 .
percent of the total problems experienced in burn-in test. When these items are related :
to a failure rate base of failures per 1000 parts processed, it can be seen that they fail
at average rates ranging from 5 to 100 times the failure rates of electronic components.

This comparison is made both to highlight the necessity for the procurement control of
these items, and to stress the impact of these items on system reliability performance.
Discussion of the major procurement items is covered in another section of this report.

{5) Screening Value

As shown on other charts, the major achieved improvement was in parts relatad
performance, primarily because, on the average, parts, Maior Procurement Items and
Specialty Devices accounted for almost 80 percent of the burn-in failures.

The value of 100 percent product environmental screening during factory process -
ing can be summarized as follows:

1) 1t is the most cost-effective means to precipitate and remove from in-
dividual product those infant mortality failures which occur only under
environmental stress.
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2) The long term reliability worth is in identifying for corrective action
those design, material, and process pattern problems which, if uncor-
rected, will continue to constrain equipment MTBF performance under
intended use environments.

6. PROBLEM IDENTIFICATION AND ANALYSIS

This part of the Production Reliability Program subsection describes the problem
identification and corrective action mathods and experience forming an integral part of
the APQ-113/114/144 radar reliability program. The subject material covered is out~-
lined for presentation in two primary areas as:-follows:

® Part Failure Analysis

Unverified Failuree
Supplier Responsibility
System Test Failures
Failure Analysis Leverage
Scope of Analysis
Corrective Action

® Technical Problem Solving Routines

Reliability Engineering
Quality Assurance
Design Engineering

The part failure analysis portion ccntains an analysis of the summarized data re-
sults obtained from laboratory part failure analysis records generated through-out the
radar production program.

The technical problem solving routines identified and discussed consist of those
management data reporting and corrective action practices and procedures proven
effective in identifying, highlighting, dimensioning, and communicating design, material,
and workmanship problems.

a. Part Failure Analysis

The APQ-113 Reliability Corrective Action Program relied extensively on piece
part failure analysis. The contribution of the fatlure analysis activity was in identifying
and separating problems from nonproblems, diagnosing the root cause of the real prob-
lems, and providing analysis findings in a timely manner through an in-house laboratory
facility.

(1) Unverified Failures

Data obtained throughout this program substantiates the neced to verify the initial
d.agnosis, troubleshooting, and replacement action taken by trained factory technicians.
Typically 30% of the parts reported as factory {ailures and submitted for failure analysis,
even when screened by quality and reliability engineers, could not be verifisd as f{ail-
ures through laboratory analysis (Figure 57).
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Figure 57. Failure Analysis Experience, APQ-113/114/144

(2) Supplier Responsibility

The 70% of the part failures that were verified were subjected to further examina-~
tion, measurement, and dissection ta the extent necessary to determine the cause and
responsibility for the failure. On the APQ-113 Program, utilizing 90% environmentally
screened material, an average of only 35% of the verified piece part failures could be
attributed to part supplier responsibility caused by either faulty workmanship, process,
or gesign. The remaining 65% were attributed tu an internal responsibility where the
failure had been induced through testing, troubleshooting, assembly and, in some in~
stances. misapplication.

(3) Fquipment Test Failures

Figure 58 luoks at oquipment level test fuilures and failure analysis results across
the entire APQ-113/114/144 programs. The bars on the chart show the failure distribu~
tion of the tdentilicd parts as a percent of total part failures expetrienced. (Note: This
data is normatized to part usage on other charts.) The line tdentified as "analyzed™
shows the high interest (80%-30%) in ammlyzing semiconductor part failures over the en-
tire program. It also shows that the verification rate for ICs and transistors was as low
as 50% to 60%. This points out that complex parts are more apt to have subtle varia-~
tions datectab’e only in the circult application, and are even more likely in trouble-
shooting to be mistakenly tdentified as the cause of the problem. The third line on the
chart shows the porcentage that is supplier responsibility as determined from the fatlure
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Figure 58. Equipment Test Part Failures, APQ-113/114/144

analysis. The supplier responsibility chart line is shown as a percent of just the veri-
fied failures which means that the balance of the verified failures are due to some ex-
ternally induced cause. Resistors and capacitors, because of relative simplicity,

have readily discernible supplier responsible failure causes, while transistors and
diodes appear to be more susceptible, in applicatioa, to oxternal failure causal
influences.

Conducting extensive failure analysis at the equipment test level is considered par-
ticularly important because the problems vccurring and the knowledge gained are more
closely related to flelded equipment experience. From the results of laboratory failure
analysis reports obtained from factory equipment test reported failures, fisld part re-
placements 2lso need to be amlyzed to correctly assess problems and to accurately di-
mension equipment MTBF perforinance.

These {indings emphasize the nead {or analysis amd point out the potential erroneous
conclustons and ineffectiveness of a corrective action program baged on utilization of
“raw" fallure data. Also, performance measurement of an equipment such as MTRF
would be unrealistically low i the only basis for assessment was ynconsorad part failure
data. This conclusion is attributed te the unverified part failure percentage of 30%
cempounded with the associated number of induced part {allures experienced even under
contralled factory test conditions.
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(4) Failure Analysis l.everage

Failure analysis and corrective actior. has its greatest leverage and impact on
equipment reliability growth and performance when cond icted early in a program's
evaluation test and initial production phases. The APQ-113/114/144 experience (Fig.'re
59) showed that in the first half of the program an average of over 60% of the LRU ana
equipment level failures were selected for laboratory failure analysis. This rate
draopped to an average of 25% for the last half of the program. The early emphasis is
essential as this period is when a higher percentage of part misapplication problems are
uncovered, as well as inherent piece part design and process deficiencies. However,
failure analysis activity must be sustained throughout a program due to variations in
part quality and particularly due to unapproved subtle part configuration changes or im-
provements introduced by suppliers.
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Figurs 0. Failure Analysis Trowl, APQ-113/114.144

Concentration on the higher test levels was more sffective becavae of the tet
seroon funnel offect whore the highor level Bllures wore lest influesved by both interaal
workmanship and nduced causes. Failures escaping lower level seresns are more apt
to be long term reliability prablems which wauld sventwally canstrain fiekied ojuipment
MTHF performance i adl cerrected. These "escape” failures wery alse of paramotnl
interest in measuriayg offectivenese of screening and in dotermining necessary adjust-
moats to in-place serceens.

{5' Scope of Analysis
The scope oi sralysis condeclod (s desceribed fa Table XVI by porl class . The

actoal number of steps varied with cach {aild part bonause 1Hn anaiyes w o 1zomisiod
as spon a3 the {ailure cause was dotermined. s
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TABLE XVI. FAILURE ANALYSIS FLOW
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The availability of an in-house laboratery equipped and manned te perform this
work was a factor that favorably influenced the corrective action time cveles. This was
evident in the reliability qualification test programs where measured raliability growth
rate was dependent on the cycle time from recognition of a systematie problem to in-
corporation of the corrective action. While dependent on many variables, the average
turparouns time for a failure anclysis using the in-house capability was between one and
two weoks. With eapedited prierity, the same analysis could be completed in one day or
less. '

Failure analysis contribution to reltability growth can be enhanced through careiul
management of the selection processes of fatled parts. High potential candidates for
analysis are those parts which fail out of preportion to thelr application fraquency. This
type of data was available on the APQ-11) prugram thruugh the quaiity cuntrol test and
inspection data system and the Reliability Englseering Severity Factor Listing discussnd
in ansther part of the stuldy. ‘

{61 Corrective Action

Failure snalysis alane only identifics the causes of probilems.: therefore carrective
action i8 essential i progrese in terms of reliability growth i to be realised. On the
APQ-113 program, the rosulis of the part fallure analyses were given to suppliors with
requasts to confirm them and o regpond relative fo corrartive a¢tion implemented. in
looking back on many aregrams and assessing clicctivencas »f this activilty, # has boen
found that approximately 0% to 0% af the supplier faulis diagnas «i were either elimi-
vated or significantly reducei. The fact that cortective action  aven when impiomented,
is not 1007 effeclive in overy case, is further justilicalion is support of recurring gart
and product environmental screoting.

MR n T va e N -
P ISP e T s e s e Lah L b R e Yl MOV pant L e s ao L s

iy

S T O R R

N e e S s



b. Technical Problem Solving Routines

The success of an equioment reliability program is measured ‘n terms of relia-
bility growth and achievement which is in direct proportion to the timely identification
and correction of equipment problems. The cycle of problem identification, evaluation,
and correciive action is continuous and must be diligently perfirmed during all evalu-
ation and production phases, each step in the cycle being critical to the attainment of
maximum equipment reliability growth and optimum field perfcrmance.

Probably as many different approaches exist fuor solving technical problems as
there are reliability and quality engineering organizations. The common denominator
that distinguishes the successful routine from the unsuccessiul falle in the area of
effectiveness of executicn and the degree of attention to detail applied to make the routine
work. The fundamental characteristics that contributed to the successful APQ-113
problem solving routines were simplicity, identified responsibility for solution, periodic
measurements of progress, test validation of corrective action, and visible status
reporting, providing cross functional communication of the problem nature, input, and
solution.

Exception reporting also contributed to effective problem solving. Test and In~
spection computer ~summarized data was arranged so as to highlight high frequency of
occurrence problem areas. It was recognized that all program problems eventually
had to be solved; but by addressing the high frequency, major impact problems first,
whether they were design, material, or workmanship, permitted effective utilization of
the technical manpower resources available.

Another key to successful problem solving is early recognition of problems at the
lowest possible level of inspection or test, as the sooner a problem can be identified
and resolved, the faster the rate of equipment reliability growth. APQ-113 data systems
provided extensive visibility at 511 levels of assembly and reports were generated to both
scope the severity of the problem and to display it for Action Reports. 1In addition, all
routines defined responsibility for corrective action and contained feedback loops which
would ensure that the problem had been regolved.

Chosen for detail review are the following problem solving systems and routines
which were considered instrumental to the APQ-113 Attack Radar's reliability growth,
They by no means represent all routines that were used or were available for use; how-
ever, cach one satisfied part or all of the basic criteria for effective Problem Solving.
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& Design Engineering

Problem Correction Plan

(1) Reliability Engineering

(a) Reliability Action Items - The Reliability Action Item System provided for
resolution ¢~ problems that were primarily design or material criented. The Radar
Reliability organization, being responsible for the generation and maintenance of the
system, selected each action item after analysis of thz Severity Factor Licting, Pattern
Failure Summary, Failure Analysis Reports, and/or Reliability Test Program Reports.

When analysis revealed a pattern problem, the Reliability Project Engineer initi-
ated an integrated plan, formally described as an Action Item (Al), (Figure 60), which
delineated the problem, listed pertinent reference daia and identilied the engineer re-
sponsible.

The designated Reliability Engineer pursued the problem resolution and maintained
a complete, current log of activities detailing all data acquired during investigation.
Each week progress was reviewed with the Project Ergineer and the plan was updated or
revised as necessary.

Corrective action resulting from the problem investigation and analysis was con-
tinually evaluated until concrete evidence established that the problem was corrected and
the Action ltem could be closed.

(b) Severity Factor Listing - The Severity Factor Listing highlighted in-process
pattern fatlures of component parts found during electrical test. The report normalized
part usage versus failure {requency, thereby assuring that high failure rates of low
usage parts were not masked by moderate failure rates of high usage parts which is pos-
sible {f only failure frequency ctiteria were applied. A minimum of five {allures per
year of the same component part was established as the threshold for inclusion in this
report.

To dimension the relutive effect of a problem on the rader, a "Severity Factor™
rating was established. Tte tase for this rating was the RN60 resistor selected because
of its high quantity usage (2500 per radar), its generally homogeneous failure distribu-
tion, and its highly reliable performance. All RNG0 resistor fallure occurrences were
clrictly smonitored and analytically verified because of their impact on all ealculations.
The severity factors of all failed parts used in the equipment were tRsed on the {ollow-
ing equation.

Qneo *rso Fpp

3% 2 =
L Qpp 3"pp l”R:‘%GO
where
S?pp = Relative severity of the problem part
Quupp = Quantity of RN60s, radar
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Quantity of problem parts/radar

Quantity of failures of problem part in last & months
Quantity of failures of RN6G in last 6§ months
Prodicted failure rate of probiem patt

Predicted fallure rate of KNGO
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The equations yields a numerical value that is dimensionless and of no significance
when standing alone, Its value is derived from a relative comparison with similar values
of other parts. The higher the numerical value, the more divergent the performance in
respect to what was nredicted, and the more severe its effect on equipment performance.
Hence, each part is critically ranked for problem investigation. The RN60 factor modu-
lates the equation in respect to manufacturing fluctuations, since a fairly linear change
in failures can be expected with changes in production rates.

To ensure that all major problems were being investigated regardless of severity
factor, the report was issued monthly in two formats, the {irst in drawing number order
and the second by severity factor (Figure 61). Using these reports, the Reliability
Project Engineer selected problems to include in the Reliability Action Item system.
Although severity factor was the major consideration in this section, the monthly failure
pattern was also considered. A high incidence of failures led to immediate action, even
if the severity factor was relatively small. After final corrective action was instituted,
effectiveness was monitored by listing the Action ltem number in the "Corr Action”
column of the listing and the drawing number was carried for nine additional months.
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Figure 61. Severily Factor Report
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{c) Pattern Failure Summary - The Reliability Pattern Failure Summary was
utilized to determine frequency of component failures related to specific circuit socket
applications. The report supplemented the Severity Factor report by identifying unique
part failure patterns that could not be discernible based solely on part failure rates.
This computerized report arranged in circuit symbol order, was generated monthly and
delineated the cumulative year-to-cate fajlures. A minimum threshold of two occur-
rences in the previous 12 months was necessary for inclusion in the listing. The format
of the report (Figure 62) was designed to give current year part failures by circuit lo-
cation, and circuit failure performance for previous years. The serial number of the
failed assembly/subassembly and test station was also listed to help diagnose if the
occurrences were peculiar to one serial number and therefore caused by something
other than the part or its application.
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Figuro 62. Pattern Failure Suwmary

Once ldentified, prioritized, and investigated, the statug of each prodlem was
monitered and progrsss measured through the Action Item 8uste previousty described.
When positive corrective action was implemented, the Action Rem identilication number
was entered on the report in the "Corr Action” column A measure of the Corredtive
Action effectiveness was made with each published Hsting of the report by reviewing
whethor a reduction in failure occurrence had been realized.
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(d) Failure Analysis Routines - The Severity Factor Listing, Pattern Failure
Summary, and Reliability test data were also used to compiie and identify problem
parts that required laboratory failure analysis. Candidate parts were listed twice, in
drawing number sequence and, by reference designator. Both listing were supplied to
Quality Control to assure that all future failed parts were segregated for analysis.

Failed parts were then forwarded by Quality Control to the cognizant Reliability
Engineering unit where failure symptoms were reviewed. The decision to perform
failure analysis was dependent upon the current status of corrective action. If initiated,
the parts were held for future dispositioning. If not initiated, the parts were sent either
to the internal failure analysis laboratory, or to an outside laboratory such as the
original manufacturer, RADC, or GE's Electronics Laboratory in Syracuse, New York.
The laboratory selection was predicated on laboratory capabilities related to the sus-
pected failure mechanism of parts to be evaluated.

These analyses normally resulted in a positive corrective action, principally be-
cause they were technically correct and conclusive. All laboratory reports were re-
tained by Reliability Engineering for future reference. Documentation of a typical
laboratory analysis report is shown in Figure 63.

{2) Quality Assurance

{a) Quality Assurance Problem Book - The Quality Assurance Problem Book,
wmitiated and controlled by the Quality Engineering organizaticn, monitored design,
wockmansghip, and material problems impacting production equipment. The Book
utilized a Cerrection Plan format that identilied responsibility, schedule milestones
and provided visibility for cross-functional communication. Problems selected for
documentation were those that could not be immediately resalved, had a series of dis-
crete steps cr events leading to a solution, and usually required eross-functional organi~
zation integration. A typical Problem Book entry is shown in Figure 64.

{b) Quality Reports - Quality Performance Reports, reflecting Inspection and Test
Defects/Unit trends, were generated for subassembly, LRU and equipment levels and
wore based on three source documents: Test Failure Reports (TFR), Mechanical In~
spection Reports (MIR), and Passed Test Inspection Reporis {PIR). Through a com-
puterized data system, the Basic data was structured to provide comtinuous visibility
and coatrol,

All reports were presemted in a cumulative format to identify any gross shifts in
quality performance. Major {luctuations were easily investigated by the use of sub-
reports which identified the Quality performance at lower tier assemblios (1.e., LRU).
Through weekly monitoring and subsequent eross -functional assignment of resolution re-
sponsibilities, problems were quickly addressed and subscquently corrvected, controlled,
or eliminated. Similarly, supplier material and/or major procurement itoms were
ideantified and routinely corrected.

Test and luspection Fatlure Beports - Specific Tost and Inspection stations were
designated at which Test Failure Reports and Mechanical Inspection Records were
initiated by the Manufacturing Test,/Tuspection function for every eguipment failure.

In addition, MR were written for all material found discrepamt during the manufactur -
ing process, Bt prior to being submitted for inspection.
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F-111 QUALITY CONTROL PROBLEM SHEET Sheet L Of i

i 730787 fallow Up Respansibilit
RTH CABINET Prodbiem No. g [nue entered T Entered by: F. Boductha ?'. Sa‘mr’m‘“ ’
";:'”;;7 Probles References and Date
A |_OCR u.>8) Y/4/81
Muring FI11 mock-up, a mechanical interference
;}},u-%————‘ sufficient to prevent assembly, was noted between the
5‘!'”’ (uai1) ATH cabinet and the All filter.
1
faidiiaasd Est.Date Eon IProl Eptry Approved By:
Closed: Losed; 8/13/87 é}j:(&y“
Date Action & Responsidility
3/20/67 | Three (I) othar filterr were faund not to ¥it into oae (1) other NTM Cabinet.
Dimensional ~heck on filters (4) and cablricts (2) showed applicable dimensions
within drawing Yolevances.
3/29/67 | Engineering requested to re-dimrnsion fllter/cabinet conceening future
assemblies and #lso rework of items o hand. J. Sreymaier
4/243'6? | Tolerance study by Drafeing shows that studs in cabinct panel should de moved
.020" and filter slor ahould Le opened. Tacget date for issuing CID {x Wk 19, J. Sreymaier

6713/67 | Studs {n dottom parel have been moved 070" 2way from front panel per
C10 LTSN1988 effective S/N 136 on APQ-11) and CID YTUNIW effective S/N U
for APQ-11N,
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Figure 64. Quality Control Problem Sheet

te} Manufacturing Operator Report - Workmanship failures accountoed for just over
58 percent of all failures detected at subassembly test level. Studies conducted during
the various phases of the program revealed that 2 to 3 percent of the assembly aperators
were respousible for 45 to 50 percent of the total defects generated.

To identify and regsolve workmanship problems, reports {Figure 6T were designed
such that all aperators within 2 functional work unit exceeding a specified threshold
{average for their work unit) of defects were identified along with the type, classification,
and number of defects generated. Attention was thereby focused on the smatl number of
prime defoet generators within 2 work vnil. Manufacturing {oremen were given “report
cards™ ranking them in order of performance of thetr work units. During the life of the
program this identification, retraintng, and/or roassigaing of these prime defect con-
teibwitors allowed for dramatic decreases in workmanship defects.
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Figure 65. Test Report

(3) Design Engineering - Engineoring post -release design problems identification
generally resulted from review of performance data taken during the Manufacturing
tests. Just as Quality Problems were highlighted by means of a Quality Assurance
Problem Book, design and performance problems were highlighted in what became tn-
formally known as the Enginecring Problem Book.

Problem assignments withie the book were normally relegated back to the cogai-
zant design cngineer. I was his responsibility to review the problem and draw up a
sreliminary action plan. The Plan usuvally consisted of individual action items de-
signed to expose the source and define the steps required to eliminate the problem (see
Figure 68). The individualis) responsible for each actton item wore listed, as was the
schedule for the completion of the task. Perasonnel external to the Engineering function
wete assigned with the concurrence of their immediate managers.
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Figure 66. Inspection Report

Each Correction Plan generated by the cognizant engineer was reviewed, approved,
numbercd, issued, and euterad on the Problem Correction Plan Index (see Figure 68).
Al a mintmum, each plan was formally reviewed and reissued bismonthly.

When engineetring changes in the form of ECP, CID or EN offort were reguired to
¢lose an action {tem, they were nuted on the problem sheet and the index, and a final
4istribution was made.

Each corrective action plan was comploete in that any peripheral information or
resolutions that resulted le ... closer supplier surveillance, improved incomiag test,
metilication of testing provedures, retrofit liability, axd forward it chaage Hability),
were algo listed on the problem sheet.
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Figure 67. Manufacturing Operator Performance
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SECTION 1V
PRODUCT ASSURANCE TEST PROGRAMS

A. INTRODUCTION

This section of the report addresses the equipment level Froduct Assurance Tests
conducted on the radar programs studied, including Environmental Qualification, Reiia-
bility Evaluation, Reliability Qualification, and Reliability Acceptance Tests,

Each test is discussed, covering its ebjectives, structere, and time phasing. Test
findings and resuits are compared and analyzed. Comparisons of the test resulis, par-
ticularly measured MTBFs, do not take into consideration differences in test stresses
applied which are discussed in Section V.

Significu. it findings and conclusions are discussed apd presentad,

8. SUMMARY

The Product Assurance tests requived and performed for the four radar programs
are summarized in Table XVII.  The table provides an everview of each test program,
denotes the level of test (equipment v8 LRUL, aumber of cquipments tesied for aach of
the tasts, aod tie equipment operaling time when applicable,

The reliability tests delin- ated sach lsve udbjue ohjedtives tut cannot be reated
independently, i reliable oquipment porfornidnce 18 40 be achieved and sustiined. The
RET will allow for orderly roliability growth to 8 specificd Jevel of squipment perform.
ance (MTRF); the RQT wilt determine whather the conirazctur's equipment is compliamt
with the reliabillty raquiroment and prove tal the RET program was cffective. The

RAT will ascortain if the reliabiliy meisured i RQYT is being susainad throughont pro-

duction cquipment deliveries.
The following Product Adsursnce Tests are discussad in this sectioa:
EQT - Buvirosmestal Quatilication Test

Findings aod conclusions based on the A PQ-113-114/7184 are discussed.
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TABLE XVII.

PRODUCT ASSURANCE TEST PROGRAMS JUMMARY

RADAR EVALUATION TESTS
TYPE EQT RET RQT RAT
120 | PERFORMED AT THE 5 SEPARATE TESTS:
EQUIP. LEVEL PER 9 RADARS FOR A | NOT PERFORMED
APPLICABLE TEST | MO UMD | orat of RME
SPECIFICATION 188 HOURS
113 | PERFORMED AT THE | 13 RADARS FOR| 1 TEST PERFORMED:| 54 RADARS FOR
LRU LEVELEXCEPT | ATOTALOF | 6RADARSFORA | A TOTALOF
EQUIP. LEVELEMI | 10,000 HOURS® | TGTAL OF T071 HOURS
PER APPLICABLE 1413 HOURS
TEST SPECIFICA-
TION
118 | MRY, SYNCHRO- | 3 RADARS FOR 21 RADARS FOR
NIZER ANDEQUIP. | ATOTALOF | NOTREQUIRED | A TOTAL OF
EMI TESTS ONLY | 3838 HOURS 2750 HOURS
184 | MRTANDEQUIP. | 3RADARS FOR 9 RADARS FOR
EMITESTS ONLY | ATOTALOF | NOTREQUIRED | A TOTAL O
%0 HOURS 1178 HOURS

*LRY ENVIRONMENTAL AND RELIABILITY TEST

RET - Reliability Evaluation Test

RQT - Reliability Qualification Test

RAT - Reliability Acceptance Test

C. CONCLUSIONS AND FINDINGS

Tests conducted on the APQ-113/114/14¢ are deseribed, their purposes,
findings, timeliness and achievemonts amalyzed.

The test resuits of the APQ-120 and APQ-113 RQT are discussed,
analyzed, and comparisons drawa.

The needs, performance levels, timeliness, and results of the APQ-113y
1147144 are discussed ard asalyzed, Comparisons to RQT resuits are
also made.

® Inthe APQ-113 Envircsmental Qualifivation Tost, 43% of the {ailures
were desipgn related, 30% parts, and 365% workmanship.,

®  T0% of the failores eacountered in the APQ-113 BQT were is mechasical
stross envisoaments of vibration and shoc «




Mechanical design and manufaciuring planning received less attention in
the APQ-113 RDT&E phase than electrical design.

Timeliress of EQT and the RET program contributed significantly to
APQ-113 RQT success.

Initially demonstrated reliability - off-the-board - on the APQ-113 de-
sign was 10% of predicted.

Failure distributions in the as-released off-the-~board designs of the
equipments studied during RET and EQT fita 1/3-1/3-1/3 pattern -
with design, parts and workmanship equally sharing the failure re-
sponsibility.

Reliability £valuation Tests are effective :n detecting subtle time and
exposure-depcndent failures - that cannot be detected in a one "shot”
test such as ENQT.

Design optimization alone yieids a 30% compliant equipment - subtle
parts and manufacturing caused failures will constrain the initial test
measured reliability.

The APQ-113 rehiahility vequirements were 15 times as demanding as
those on APQ-120 - assuming equal rada~ complexity.

APQ-113 demonstrated a 35 times higher MTBF than APQ~120 {based

on unnormalized test stress levels), APQ-112 achieved 112% of re-
quired; APQ-120, 50%.

- In the final RQT tests on APQ-113 and APQ-120, neither radar exhibited

"equipment design' failures. APQ-120 reliability was constrained 33%
by workmanship and 57% by parts, and the parts problems were attribu-
ted to workmanship causes,

Higher parts reliability would have enhanced the performance in RQT of
the equipments studied.

During RQT testing, more failures were observed at cold temperatures
than room or hot,

The APQ-113/114/144 demonstrated reliability was continually monitored
through a demanding and timely Reliability Acceptance Test program,

RAT failure disiribution on the APQ-113/114/144 programs consistently

indicated that parts were ~ 90% of the failures, indicatirg good control
over requirements, and consistent with predictions.
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D. RECOMMENDATIONS

¢ Reliability Qualification Test requirements should be strictly enforced
and production reiease should be withheld until successful completion.
Administratively/contractually, EQT and RQT should be combined, be-
coming a single production releasing element,

® Reliability Evaluation Tests need to be contractually specified, approved
and scheduled, to provide assurance of timely reliability compliant equip-
ment.

e Reliability Acceptance Test should be specified and implemented to
maintain reliability levels during production cycles.

® Reliability Evaluation Tests should be of sufficient time duration and be
at a minimum representative of field ervironments to afford detection of
time/environment dependent failure mechanisms.

® Reliability Qualification Test acceptance plan criteria should be simpli-
fied to promote general understanding, The existing variety of confi-
dence limits, measured values, specified values, demonstrated values,
truncated tests cause unnecessary confusion.

E. TEST PROGRAM ANALYSIS

1. ENVIRONMENTAL QUALIFICATION TEST (EQT)

The Environmental Qualificaiion Test (EQT), usually performed on one set of pre-
production equipments, exposes equipment to its maximum design levels over a wide
1ange of environmental conditions, with the ultimate aim of demonstrating the design's
environmental integrity.

This test was performed on each of the four radars in compliance with contract
requirements. On the APQ-114 and 144 programs, only significantly redesigned LRUs
were included since the APQ-113 had been previously qualified, The unmodified LRUs
were qualified by similarity, Timeliness of the EQT plays a significant role in achieving
product design integrity. The APQ-120 radar EQT was initinted and completed in the
production phase of the program, while the APQ-113 test was largely completed during
the RDT&E phase, and in the case of the APQ-114 and 144 during the pre-velease phases.

Tables XVIII and XIX reflect the type and quantity of failures encountered during
the APQ-113 EQT. Seventy percent of all failures were encountered while the equip-
ment was being subjected to mechanical environments (vibration and shock), indicating
the relative lack of mechanical equipment maturity at the time of design release. Elec-
trical design and circuit evaluations normally are given a higher priority than mechani-
cal design effort. Development time assigned for the mechanical design is relatively
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TABLE XVIII. ENVIRONMENTAL QUALIFICATION TEST FAILURE SUMMARY BY
LRU, APQ-113

FATLURE DISTRIBUTION 8Y LRU 9
ENVIRONMENTS
TESTENVIRON AIP ACU RTM SYNC 1/R TOTAL || OF TOTAL

VIBRATION 5 2t 50 15 300 126 68
SHOCK 1 0 1 0 3 5 3
TEMPERATURE 5 5 13 1 6 31 19

ALTITUDE

SHOCK

STORAGE
RUMIDITY 0 4 1 4 3 18 10
SAND & DUST 0 0 0 0 0 0 0

TOTAL 12 % 2% 2 186 100

TABLE XIX. ENVIRONMENTAL QUALIFICATION TEST FAILURE CATEGORIZATION,

APQ-113
FAILURE CATEGORY QUANTITY | PERCENT OF
TOTAL |
DF‘TEU«;‘J 61 2
WORKMANSHI P 54 38
COMPONENT PARTS 9 2
TOTAL 14 100

short, The documented disciplines, practices and procedures usually provided for a
typical avionics design are primarily applied to the electrical design.

Of the failures encountered in the APQ-112 (Table XIX), 42% were related to
equipment design. Component parts accounted for 20% and workmanship failures ac-
counted for the remaining 38%. This faiiure distribution emphasizes the necessity for
timely EQT completion for corrective action addressing part and workmanship problems
in addition to the design corrections identified. Figure 69 reflects the EQT's scheduling
relative to the percentage of delivered production hardware.
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Figure §9. Evaluation Test Programs Timing

2. RELIABILITY EVALUATION TEST (RET)

Reliability Evaluation Tests are normally performed with pre-production equip-
ment to the reliability qualification test environments for a specified test duration. The
test provides for an orderly reliability growth through problem identification, resolu-
tion, and corrective action.

The initial APQ-113 reliability tests were identified as reliability pre-qualification
tests, structured to identify design, coniponent parts, and workmanship problems at an
early stage, to effect timely corrective action and orderly reliability growth. Eight
RDT&E equipments tested revealed that the initial measured MTBF was 10% of preuicted
and dramatically proved that a time-dependent test was necessary to achieve the relia-
bility growth required to demonstrate the contract MTBF. A second reliability evalua-
tion test program, with five equipments, was implemented to provide the additional reli-
ability growth. Parallel to this, reliability growth was enhanced through LRU Environ-
mental Screening Test Programs, which required the exposure of each LRU to the reli-
ability qualification test temperature environment for a given number of cycles, with
the constraint that the last two cy~les be failure free. These combined test programs
provided growth which resulted in the successful RQT demonstration.

As a result of the success obtained on the APQ-113, formal RET programs were

planned and impleniented for the APQ-114 and 144, Reliability requircment: were
achieved, on both programs, in a tiraely and cost effective manner.
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The APQ-120 reliability program did not have the benefit of a Reliability Evalua-
tion Test,

A comparative analysis of the failures encountered during the APQ-113 RET and
the APQ-120 RQT No. 5 is portrayed in Table XX.

TABLE XX, APQ-113 RELIABILITY PRE-QUALIFICATION TEST VS APQ-120
RELIABILITY QUALIFICATION TEST

APQ-113 APQ-12

® PRE-QUAL TEST #1 ® TESTH

e 38 HR PREDICTION  Njou/ @ 45 HR PREDICTION (EST)

® 9.5 HR PERFORMANCE" @ 4.3 HR PERFORMANCE *
@ FAILURE DISTRIBUTION ® FAILURE DISTRIBUTION

® 32% WORKMANSHIP o 31% WORKMANSHIP

® 32% PARTS /s ® 31% PARTS

® 36% DESIGN ® 32% DESIGN
© EOUIPMENT MATURITY ® £QUIPMENT MATURITY

® 7 PRODUCTION ITEMS ® 700 PRODUCTION ITEMS

«at 90% LCL

A significant observation is that approximately one-third of the total relevant fail-
ures encountered in RQT for both radavs were related to design, one-third to workman-
ship and one~third to part failures. The results suggest that even with a perfectly de-
signed equipment, the initial reliability performance will be constrained to one-third of
its inherent capability. Further evidence of this distribution is indicated by examining
Figure 70, where similar patterns were noted in the EQT tests - again - new products
with limited or no maturity,

Analysis and investigation revealed that the RET f{ailures in general, and the workman-
ship failures specifically, were more subtle part, design and manufacturing problems
than typically uncovered during Environmental Qualification Test (EQT). Detection of
these and effective corrective action demand meaningful test durations and multiple
equipment samples on test, Equipment design-related failures can be attributed to
"worst case" (circuit tolerance build-up) degradation and early wear-out conditions that
generally are not detectable on every equipment produced and tested for only a relatively
short duration. Reliability Evaluation Tests (long test durations, multiple equipments)
are significantly effective in detecting and correcting subtle design defects,

3. RELIABILITY QUALIFICATION TEST (RQT)

Reliability Qualification Test is performed on a specified sample size of late pre-
production equipments to demonstrate achievement of the contract MTBF requirement.
The APQ-120 was subjected to five RQT tests, while two were performed on the APQ-
113. For the first three tests, the APQ-120 failed the qualification rwior to accumulat-
ing any relevant operating time. During the fourth and fifth tests, u tal of 188 rele-
vant hours were accumulated, at which point the testing was terminated.
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Figure 70, Comparative Failure Distributions-Environmental Qualification and
Reliability Evaluation Tests

Since the RQT is the formal measurement of achieved equipment MTBF, the APQ-
113 RQT No. 2 and the APQ-120 RQT Mo. 5 were compared as shown in Table XXI.

Although the functiunal equipment complexify for each uf the radars was approxi-
mately the same, the APQ-113 contract MTBF requirement was 15 times greater than
the APQ-120 (134 hours vs 9 hours at 90% LCL). The APQ-113 exceeded its contract
requirement by 12% (152 hours vs 134 hours); the APQ-120 fell short of its requirement
by 50% (4.3 hours vs 9 hours), a measurable reliability performance (MTBF) differen-
tial of 35 to 1, Differences in the environmental stress levels of the tests conducted
account for some portion of the differences in results obtained (see Section V).

Other differences noted between the two RQTs are that the APQ-113 RQT included
more equipments (6 vs 3) and significantly more test exposure hours per equipment (250
vs 30) which have the advantage of praviding a greater opportunity for detection of subtle
workmanship and "worst case"” part drift related defects, which do not appear in earh
equipment produced or whose manifestation is environmentally and time dependent.

The failure distributions in both RQTs were grouped in three major failure cate-
govies - Design, Part, and Workmanship - the Part catsgory being further divided into
Design and Workmanship. One similarity readily apparent is that in both tests the total
incidents experienced were reduced by approximately the same ratio (4:1) to arrive at
the relevant fauure classification.
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TABLE XXI.

RELIABILITY QUALIFICATION TEST COMPARISON

APQ-113* APQ-120 *°
REQUIREMENTS CONTRACT M.T.B.F. @ 90% L.C.L (81) 134 HRS. 9 HRS
RESULTS DEMONSTRATED MTBF €@ %% L.C.L. 152 HRS. 4.3 HRS.
-54°C T0 71°C
TEST CONDITION CHAMBER TEST L
S ES EVELS ANT & ACU -54° C TO 49° c
54°C T0 132°¢
Y1BRATION 0.3 @25HZ |24 @57 HZ
RELEVANT HOURS 1413 96
RESQURCES NO. OF EQUIPMENTS 6 3
TEST DURATION ELAPSED MONTHS 9 3
EFFICIENCY AVG RELEVANT HRS ACCUMULATEDIMONTH 157 32
PART DESIGN 14 0
PART WORKMANSHIP 3 4
INCIDENTS *** DESIGN 0 0
WORKMANSHI P 0 25
UNDETERMINED OR NOT CONFIRMED 3 7
TOTAL INCIDENTS 2 15
INCIDENT CATEGORIES PART INCIDENTS (%) 85 57
BY % OF TOTAL INCIDENTS | DESIGN INCIDENTS (% 0 0
WORKMANSHIP INCIDENTS (% 0 33
UNDETERMINED OR NOT CONFIRMED 4 15 16) 10 (5)
INCIDENT CLASSIFICATION | RELEVANT FAJLURES 5 16
* RQT 1 { V=RET&RQT

** RQT #5
** EXCLUDES TEST EQU1PMENT AND TEST OPERATOR INDUCED INCIDENTS

In the Design (Equipment) category, neither radar experienced any failures. Both
equipments apparently had achieved a high level of design maturity by the time these
RQTs were conducted. For the APQ-113, this conclusion is supported by subsequent
compliant Reliability Acceptance Test (RAT) data.

In the Workmanship category. the APQ-113 experienced no incidents. The reason
for this absence can be attributed to LRU environmental screening test performed on a
100% basis to the RQT thermal environment with a strong corrective action program.
The workmanship problems on the APQ-120 contributed to 33% and are attributable to
the lack of an LRU environmental screening program. It was observed that 57% of the
total incidents recorded on the APQ-120 were dud to parts, but on the APQ-113, this
category accounted for 85%.

Comparison of component part RQT incidents experienced points up another arca
where a significant difference existed, There were no component part “'design” inci-
dents for the APQ-120 RQT, while the APQ-113 reported 14 incidents, Of the APQ-113
incidents, 13 were associated witl, moving part items and were detected only after rela-
tively long environmental expasure hours, which were not duplicated by any of the APQ-
120 test samples.
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As delineated in Table XX1I, during RQT, more failures were observed during the
cold temperature environment, when compared to other temperatures, by a factor of at
least 2 to 1. When the failures are normalized to account for exposure time, the factor
on the APQ-113 1s 7 to 1. This further promulgates the necessity for performing 100%
environmental screening test to insure the equipment is exposed to both temperature ex-
tremes, When the equipment is operated at ambient temperature, the parts may be sub-
jected to a temperature rise due to the equipment's internal power dissipation; however,
the parts will never be exposed to cold temperature. The RQT temperature cycle should
simulate the worst case temperature and exposure periods the equipment will encounter
in field use but in no event less than MIL-STD-781.

TABLE XXII, FAILURES OBSERVED AT COLD VS OTHER TEMPERATURES,
APQ-120 VS APQ-113

APQ -120 ROT
NO. OF FAILURES TOTAL FAILURES rR:lTlloloo HRS
N 3 ; a1 oot | TOTAL ) !
TEMPERATURE | RQT-1 | RQT-2 | RQT-3{ RQT-4 | RQT-S EaLURes | ExPOSURE PER at
HOURS | 100 HRS. |COLD vs OTHER TEMP
coLD 3 3 3 17 13 39 88
} . ) 2.4
OTHER 7 3 0 100 2
ARG - 113 RQY 7
NO. OF FAILURES RATIO
. TOTAL ** FAILURES )
TEMPERATURE RQT TOTAL FAILY 100 HRS
FAILURES | EXPOSURL peR al
HOURS | 100HRS. | oD vs OTHER tomp
; ; COLD 3 3 W L2
10
OTHER ? 2 1 o

1 APQ10 ROT CYCLE * 9 6 HRS
| APQ-113 RQT CYCLE + 24 HRS
: * 4i% QF THE APQ -120 RQT TEST CYCLE WAS BELOW ROOM AMBIENT

VINCLUDES TRANSITION TO AND STABILIZATION AT 65 Fi
= 17% OF THE APQ-113 RQT TEST CYCLE WAS BELGY ROOM AMBIENT

(INCLUOES TRANSITION T0 AND STABILIZATION AT 95° § 1
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4. RELIABILITY ACCEPTANCE TEST (RAT)

Reliability Acceptance Test is performed on a sampling basis (up to 100%) on pro-
duction equipments to assure that compliant reliability is maintained throughout the pro-
duction cycle. The test environment is similar or identical to the reliability qualifica«
tion test environment and the sample size and test duration is dependent on the specific
contract but based on MIL-STD-781. These tests were performed on the APQ-113/114/
144 radars but were cancelled for the APQ-120. To ensure that the APQ-113/114/144
production equipments were compliant to the MTBF requirement of 134 hours, one out
of every three production radars processed was subjected to RAT for a minimum of 130
hours each. During the five-year span, 84 representative samples of the production
equipment were subjected to reliability acceptance tests. As indicated in Table XXIII,

a total of 84 radars accumulated 10,999 relevant hours which resulted in an MTBF of
175 hours at 90% lower confidence level, objective evidence uf the inherent reliability
of the production equipments under the specified test conditions.

TABLE XXIil. RELIABILITY ACCEPTANCE TEST RESULTS

APQ-113 | APQ-114 | APQ-14d | T0TAL
No. OF EQUIPMENTS TESTED b 2! 9 84
RELEVANT HOURS ACCUMULATED 07 210 178 10.9%9
MTBF AT 90% L.C.L. | 16! 145 7 176

The Reliability Acceptance Test provides both government and contractor manage-
ment with a continuing quantitative assessment of the equipment being produced. it alsa
helps to motivate the contractor to maintain the required reliability ievels to avoid the
penalties associated with failure,

A review of the APQ-113 114144 failures experienced during RAT is summarized
in Table XX1V.

The failure distribution by category remained approximately the same for each of
the radar progeams. Approximately 70+ of the failures were parts, 17¢ were major
procurement items, and about 13°¢ were equipment workmanship defects, No equipment
design defects were reported.  The two areas in which the radar equipment manufacturer
has greatest control, equipment design and equipment workmanship, account for a small
percentage of the failures. This also emphasizes the benefits that ¢ould be obtained
through upgraded parts quality.
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TABLE XXIV. RELIABILITY ACCEPTANCE TEST FAILURE CATEGORIZATION

APQ-113 [ APQ-114 [ APQ-144 [ITOTAL [ OF TOTAL
WORKMANSHIP 3 3 1 1 | B
MAJOR PROCUREMENT 9 1 2 |12 | =&
SPECIALTY ITEMS 6 3 1 0| B
SEMI CONDUCTORS 10 4 o [ 8 | %
PASSIVE DEVICES 3 2 0 5 1 10

TOTAL 3 13 4 52 | 10

The reliability program elements associated with controlling the failure rate of
major procurement, specialty items, and comporent parts were highly effective in
assuring that the reliability of these items were maintained throughout the production
cycle. It is concluded that the leve!l of part and LRU environmental screening employed
op the APQ-113, -114 and -144 radar programs was a significant element for the sus-
tained equipment reliability during the production delivery cycle.

One common ingredient greatly affecting all Reliability testing results is test
timing. ldeally, EQT, RET, and RQT should be successively and successfully com-
pleted during the RDT&E phase. “his will eliminate or substantially limit the accumula-
tion of nonconforming production equipments, the need for costly retrofitting of produc-
tion items, and excessive {ield maintenance costs.




SECTION V
ENVIRONMENTAL CONDITIONS

A. INTRODUCTION

This section of the study describes the specified environmental requiremenis and
conditions prevailing during factory Qualification Tests (First Article and Reliability
Qualification) and in-service use of the four radars (APQ-113, -114, -120, -144). The
data for this section was obtained and collected from various USAF sources, the two
aircraft contractors, and the radar manufacturers.

This information is presented to faciiitate a retrospective analysis of the en-
vironmental conditions prevailing during the factory Qualification Tests for each radar.
Comparisons are made between the severity level and duration of environmental stresses
encountéred in RQT versus field deployment. Qther environmental conditions, pre-
sently absent in MIL-STD-1781 specified tests, but prevalent in {ield operation, are
discussed.

This section is divided into several subsections treating the various aspects of the
environmental requirements and conditions. Each subsection is prefaced by its vbjec-
tive and conclusion, and is concluded by a detsiled analysis.

B. SUMMARY

The following environmental analysis and aspects pertaining to the radar reli-
ability parformance in the factory and {ioid are cowtained in this section:

Environmontal Requirements - Summaries and comparisons ave made
of the environmental requirdments and conditions for the radar design,
design qualification tests, reliability qualification tests aad field en-
vironment.

Reliability Qualification Specification - MIL-STD-T81A and MIL-R-
36667A conditions and requirements are described and defined to provide
a basgis for comparative analysis to the tests ag performed.

Reliability Qualification Test Conditions « The tests as performed are
described and the diffcrences Trom specifications identified.

Reliability Qualitic*\tim\ Test Comparisons - The environmental test

Conditions appiicd To the APQ-120 and APQ-113 114 144 during RQT
are compared and differences analyzed.
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Finld vs RQT Environmental Exposure - The differences in thermal,
vibration and humidity conditions are explored and analyzed.

C. FINDINGS AND CONCLUSIONS

Ade

2.

3.

Vibration

Flight vibration measured on the F-111 and the F-4E aircraft is random
in character and extends beyond 2000 Hz. Qualification testing was gen-
erally limited to sine excitation to 500 Hz with resonant dwells, Vibra-
tion during Reliability Demonstration Testing is at a fixed low frequency.
Vibration levels of F-4E in flight are more severe than those of F-111;
APQ-120, however, by virtue of being vibration isolated, sees vibration
lev 'ls comparable to APQ-113/114/144.

Temperature
e APQ-113/114/144 Radais

The APQ-113/114/144 radars are supplied with cooling air during
flight at very low temperatures, which are also significantly lower
than those supplied during Reliability Qualification. Also for g
short period in flight, cooling air is suppliud at temperatures
sigpificantly higher tha= during RQT. These facts cauvsed the field
enviroamental profile to be more gevere than the Reliability Quali-
fication enviroument.

® APQ-120 Radar

The cooling air supplied to the APQ-120 radar during flight are at
temperatures that are mare benign to the equipment, because they
romain substantially above the low temperatures and are at greater
flow rates than that sypplied during Reliability Qualification Test.
This caused the RQT envirenmental profile to be sigaificantly more
severe than the flight envirenmental profile.

QT Deviation From MIL-Reliabiiity Test Specifications
® APQ-120 Radur

The APQ-120 radar was subjected to an unuzuil test condition, the
quantitative effect of which is not known, during the cold part of the
temperature cycle, The flow of cooling air through the Jorward

radar assembly was reversed, resuiting in a large perventage of

the forced air-coojed components being subjected lo a higher ther-

mal shock than required by MIL-STD-TB1A. ¢

® APQ-113/114714 Radars

The specifications for APQ-113 114 144 radar’s RQT prescribed
maximum ambient temperatures greatly in excess of the require-
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ments of MIL-R-26667 (160°F for the electronics bay LRUS and
270°F for the radome lLu.ualled equipment versus 131°F required
by MIL-R-26667)., iuis is a very significant deviation from the
military specification, especially for equipment cooled by free con-
vection,

RQT Long Term Environmental Exposure

The long term effects of exposure to envircnmental conditions other
than temperature extremes and thermal cycling are not adequately sim-
vlated by the Reliability Demonstration tests preseuntly specified. Speci-
fically, this applies to the detrimental effect of prolonged exposure to
humidity (with contaminants present in the field) and the effect of ex-
tended exposure to random vibration.

First Article Qualification Testing does allow evaluation of the short-
term effects of exposure to relatively high eavironmental levels: how-
ever, field performance problems indicate inadequacies in at least some
of these environmental tests.

RQT Qperation In Environment

The operational requirements of both Reliability Qualification Tests
were defined so that operation of the equipments was not rejuired duy-
ing the cold portion of the test, even thoush power was applied w. the
start of the cold to heat transition. For the APQ-°13.114 144, this
constituted a milder exposure than experieaced in flight, while for the
APQ-120 if represented a more severe requireient. [t further was
evidont that electrical tests during temperature transitions - both
cooling and heating - is not required, again nol duplicating actual
{ield operational enviremnents.,

Homidity

No quantitative data was available for Held encountered conditions.
The humidity couditions during RQT were not controlled and were mild
in comparison to the actual fiold use. Both radars passcd the First
Article Qualification Test for humidity.

D. RECOMMENDATIONS

Simulate ight encountered vibration environment in EQT by clanging the
fixet {requetcy simusoidal condition toa randotm type.  In addillon, 2
study should be ronducted o determine, Wsed on lard failore data, ¥ a
simitlar clange to RQT specHlications is warranted snd cost effotiive.

Adjust the prefile (e, g, . expraure duration, Temperature Hinitst of the
eavironmenial cvele 1n RQT amt RAT to be congdstend with and as se-
vere as flight canditions, but sever below MIL-STD-T81 requircinents.

Add a requirement to MIL-STD-T818H {Reliability Qualification &
Acceplance Teste) in operate the equipment ard perfarty icasure-
ments i low tetiperature and daring temiperature trangjtionine,

=3
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E. ANALYSIS

1. ENVIRONMENTAL CONDITIONS SUMMARY

A summary of the environmental conditions for the APQ-112, -114, and -144 and
the APQ-120 radar is presented in Table XXV. This summar, .elates the design re-
quirements, field conditions, Reliability Qualification Tes. specifications, and the ap-
plicable Reliability Test Standards.

Ce. wns A and B list the specified enviror—~~ntal condition limits for each radar.
Columns & and F contain a condensation of fiel-/flight environmental exposure infor-
mation obtained from several sources but primarily from flight test data. When fligir
data were not available, the information presented is hased on a mixture of General
Hynamics and McDonnell Douglas experience. and limited test data combined with
analysis.

The remaining four colum '« lescribe the Reliability Qualification Test actually
performead {columns C and G fur the ARQ-113, -114 and -144, and the APQ-120
respectively! and the tests required by the Reliability Test Specifications on which
these tests were based colu.un D MIL-R-26667A for the APQ-113, -114 and -144,
column H: MIL-STD-T81A fur the APQ-120).

Table XXV (and tho subsequent discussion) is limited only o these environments
to which the equipment was subjected during Reliability Qualificativn Testing. First
Article Qualification Testing programs were conducted® on both radars including, in ad-
dition to thermal #x~osure amd vibratien, sueh gtandard MIL-Spec tests 3s shock, hu-
midity, aitiinde, sa o and dust, which are known to be prumary or seconddry cavses of
failure, either lmiiv.l.ally or in combinations.

A logical xtension to the work contained hersin would be an in-depth investiga-
tion of the adeq .2 v of present desigm criteria and controlled environmantal testing
programs as ¥r lawd o saedsured {leld eavironmems.

A comp . sonoof Pold te RQT eaviranmental condittons ad the ditfsences bae-
tween the spectfiod RQT canditions and the applicable ML -Spec are discvssed in sub
sequont subse t ord

2. RELIABILTTY QUALIFICATION TEST EXVIRONMENTS

a. Objective

The chjective .. thit subsection is o compare the RQT envirmamental prafile (or
each of the two radars ot Yo applicabie MIL -Speciiration for Reliibdity Teste
cailed ot in the contrac. ral documentatisn.  Severity of 03 o o environental
stresses, duration of eXparares ta saviro Mo A eXtremes it be conmared o0
pariures from the refevenr. 3 NI -Specilicatiuns idestified.

*First Article Qualilication Te ¢ regoet (or e APQ-120 was not purl of the data
package studicd or oblained.
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Figure 11, Vibration Qualification Test Levels
b. Summary

® The upper tamperature imit of the test chamber for APQ-120 RQT
£-120° F) was below the MIL-STD-T81A specified «131°F. The rate of
chamber ambieat tewpeyature change was 3. 2°F minute, below the
) TOMIL-8TD-IB1A specified minimum of °F minute. Other environ-
moental conditions were conformant with the MIL-STD-781A require-
mMant,

& APQ-120 was subjected to 2 very severe thermal shock 25°F minute)
due to the coaling air supoly method when transitioning {rom cold o
hot.

®  The upper temperalure linits of test chamber {or APQ-113 114, 189
RQT (270 F {or Antonna Assembly, <160°F for other LRUsS) were
above the MIL-R-266687A specified «131°F.

® APQ-120 was subjocted to approximately seven times higher vibration
fovel than APQ-113 7114 144 2,20 versus 0. 320G): however, the toial

vibration exposure time iha 24-hour test perind was 60% longer for the .

APQ-113/114/144 a5 comparced to APQ-120 (240 minutes versus 151

minutes;. .
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¢. Military Specification Description

(1) MIL-STD-781A

Contractua! documentation for the APQ-120 (McDonnell Douglas document SCD
53-8711050) specities that Reliability Qualification Test be conducted in accordance with
tue requirements of *AIL -STD-T81A, Test Level E (modified). The test conditions of
Tesi Level E (.nmodified) call for thermal cycling operation of equipments subjected to
test, with concurrept periodic vibration at a fixed nonresonant frequency. The ambient
temperature extremes are -65°F (-54°C) and +131°F (+55°C) as shown in Figure 72.
The rote o1 temperature change of the thermal medium when transitioning from hot to
cold and vice versc shall average not less than 5°C/minute. Operation of the equip-
ment under test 18 required from the time the environmental chamber temperature con-

“trol is set {or the high temperature limit, During the period of radar operation, fixed
freguer.cy vibration at 2,2G £10% is imposed for a period of at least ten minutes out of
each hour of equipment ON-time, at a nonresonant frequency between 20 and 60 Hz,

Tre vibration frequency is selected during a vibration survey which precedes the formal
testing. If the equipment under test is designed to meet a less severe vibration re-
quirement than 2.2G at the {requency selected for the test, then this specification al-
lows reduction of the vibration level to that specified as the design requirement. In
general the direction of vibration is not specified unless the configuration is such that
one direction is obviously more critical.

TYPICAL CYCLE FOR 24-HR PERIOD
TRANSIENT RATE: NOT LESS

THAN 5 Cih}lh}l?" FIMIN CHAMBER AMBIENT
] 131° .
120

< [T 221 N - BT TN SRNT2 LIk N
ERE SRR 6 T23%, TLURE S AW- 'Y

RN S A

aemet oy e

LARL S ST R Nt

VRE P oam S Mg sl o owajie e on?
1 ropreastodt A3LMCY 5L sk e be

R RN P A5 2!

P B BEILEL U S

0 T 5 T ITARMAS S OIUTRNR R & Wi
WREAAE KW WM I ) T A
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S R R S AL T T X A
Bt il ot VI TIAS TLEE
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T - HOURS

Figure 72. Environmental Test Cycle, MIL-8TD-T81A Test Level B

The thermal eyele times are established by conducting a thermal survey during
which the component of greatest thermal inertia is identitied aloag with the time re-
quired for its stabilization. Stabilization is measured under two conditions: {31 alter
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the temperature transition from high to low while equipment is turned off and (2} after
the temperature transition from low to high with equipment operating. The specifica-

tion requires the duration of the cold part of the cycie to be the time required to stabi- f
lize at cold. Three and one half hours were used in portraying a typical cycle shown i
in Figure 72. The dusration of the high temperature part of the cycle is specified to be

the time required to stabilize at the high temperature, plus two additional hours. A t

3-1/2 hour stabilization time is used, yielding a total duration for this part of the cycle
of 5-1/2 hours: the total time for each cycle is therefore 9 hours.

Cooling air is to be supplied throughout the cycle, either directly irom the
chamber or from an external conditioning source. In general, the most economical
source is directly from the chamber and this would be the source used unless the re-
quired cooling air temperatures are different from the chamber ambient. The tem-
peratures and {low rates to be supplied are defined in the specification o be the maxi-
mum temperature and the minimum rate of flow (per the equipment specification) when
the chamber temnerature is at the highest level, and at the minimum temperature and
maximum rate of flow when the chamber temperature is at its lowest level. Cooling
sir temperature for forced-air cooled equipment would roughly follow the transition
cycle from hot to cold, or cold to hot, changing at not less than 5°C/minute (9°F per
minute), and leveling out at the equipment specification maximum and minimum values.

During a 24-hour period, the equipment operates for 14.7 hours, and is subjected
to vibration for a total timo period of 147 minutes.

{2) MIL-R-26667A

The contractual documentation for the APQ-113 radar (General Dynamics Specifi-
cation FZM 12073) specifies that the Reliability Qualification Test be conducted in ac-
cordance with requirements of MIL-R-2666TA, Test level 3 (modified). Test Level 3
{unmodified) combines ambient temperature and cooling air temperature eyeling with
low level, fixed frequency vibration and varying modes uf operation of the equipmeni un-
der test. Tie ambient temperature {8 cycled between the same limits as defined for
MIL~STD-781A, test leval B, namely -65°F (-54°C) and +131°F (+35°C). The rate of
temperature change of the thermal medivm during Cangition time from one extreme to
the othar 3hall not be less than 5°Cominute.  The eycle defined is bused on stabilization
time data cbtained during the sane type of thermal survey as previously deseribed, The
requirements of this specification differ from those of MIL-STD-T81A in that the hot por-
tion of the cyele is specified to be throe hours, plus sufficient time to stabilize versus
time to stabilize ples o hours for the MIL-STD-TE1A. Thus the operation of equipment
for 4-1-2 hours, as shown in Figure T3, provides sufficient time at high temperature to
allow a complete elestrical performance tesl,  The duration of the vold part of the cyele
is the 3-172 hours required for thermal stabilization.  The total time required for a
complete eyele is therefare 8 hours, allowing 3 complete eycles in a 24-hour period,

Cooling air 13 supplicd continuopsly at the masimum air temperature and the
lowest flow rate for the hot part of the cyeie, and the minimum air temperature at the
highest flow rate for the cold part of the eveie.  Cooling aie temperature transition
would follve the chamber transitivns clogely, and fevel off at the maximum and mini-
fuin telmperature levels delined by the equipment specitication.
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Figure 13. Environmentul Test Cycle, MIL-R-26667A, Test Level 3

d. RQT Description Departures

(1) Departures {rom MIL Reliability Test Specifications

The petual environmental ennditions daring Reliability Qualification Tests devi-
ated in accordance with contractual specification fram the referenced MIL reliability
test specifications.  The depavtures {rom the specified Himits are enumerated in the
following discussion.

{a) APQ-120 RQT - The test eyele used during RQT of APQ-120, as portrayed in
Figure 74, deviated fram MIL-8TD-T81A, - Test Lovel B in two vespects. First, the
maximuiy chamber ambient temperature Hmit was 120°F §5T) versus Test Lovel B
specified 131°F {85°C): second. the vate af chiange of chamber ambient temperature was
3. 2°F  minute (1. 8% minute). It is to be noted that the upper temperature design limit
for the cockpit was 120'F (R9C).

() APQ-113-1147143 RQT - The test rycle uscd during RQY of APQ-113 114
144 is depicted {n Figure T30 As ovident from the figure, the maximum range of
chatusy ambien? emperature §¢ fram <6857F 53°C) to «180°7 {710 feor al) LRUe

oxcept the Antenna Axsembly, which, because of W lacation in the ritdome of the -111,

was tested over a temperature rasge from -85°F {-335C) 1o -270°F ¢ .132°C). Figure 70
shows the APQ-113 ~eliability test area Tucilities with the dual chambaer set up to
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-

simulate the equipment tay and the radome enviroanments. In the foreground, the left.
hand chamber contains the RTM, Synehronizer, and Indicator LRUs, while the right-
hand ehamber holds the Antenna, Pedestal, and Antenna Control Unit. Both of the upper
temperature ranges are in excess of the MIL-R-26667A, Test Level 3 limits of <131°F
(=85°C). Another departure from that specification {i. e., more Severe) was the total
vibration time in a 24-hour poriod.

The equipment under test {5 subjected to vibration for a peried of at least 10 min-
utes out of each hour of system operation. Vibration is specified as 35 Ha <5 Hz at an
applicd double amplitude of 0. 010 inch. This iy equivalent to u normal level of 20.32 G.
Equipment normally isolated (as is the APQ-129) is tested hard-mounted to the vibration
machine. The direction of vibration is not critical.

For the cycle developed here and shown in Figure 73, the ¢quipment is aperated
for a peried of 13.5 hours, and is vibrated for a tolal of 135 minutes during a 23-hour
test period.

The level and the {requency were as defined by MIL-R-286€TA; however, the dura-

tion of vibration exceeds by 105 minutes the requirement of this gpecification for each 24
hours of lesting.  Nole that the equipment design specif:~ation calls out 0. 01 inch double
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amplitude at 25 Hz, and that the Design Qualification Test input at 25 Hz was at this level;
therefore, it can be concluded that the RQT levels were compatible to the design re-
quirements,

APQ-113/114/144 had performance measurements made every hour of opera-
tion, regardiess of cycle, and a full test performed once each 24-hour period at room
ambient, which was more than required by MIL.-R-26667A (i. e., each performance
parameter tested once per day). At this point it is worthwhile to contrast the nieasure-
ment philosophy of APQ-120 in RQT (fully compliant with MIL-STD-781A) with that of
APQ-113/114/144. In the case of APQ-120, electrical performance was monitored
only during trausition {from cold to hot and during operation following stabilization at
hot: however, the analysis of failure data from the RQT revealed that majority of
failures were observed during the cold portion of the thermal cycle,

(2) Cooling Air

Cooling air merits a separate discussion. Inthe case of APQ-120 it provided a
very severe thermal shock during transition from low to high temperature and might
have been the cause of some RQT failures.

For the APQ-120, as shown in Figure T4, the ceoling air was supplied to the
equipment under test during the high temperature part of th» cycle (equipment operating)
at the specified flow rate and at a maximum temperature of 85°F (29°C) from an external
source. During the cold part of the cyele (equipment nonoperating), the ccoling air
flow was reversed, i.e., the cooling air entered the equipment through the exhaust
openings and was exhausted through the normal inlet. This procedure accounts for the
rapid change from low to high temperatures of 25°F minute (13.8°C minute) and the very
slow change {as measured by the inlet thermecouple) from high to low of 2.5 F minute
i1.39°C/minute).

APQ-113: 1147144 had the cooling air temperature cycled. as shown in Figure
T, oetween -63°F {-54°C) and L80°F (-2T°C). The maximum cooling air temperature
¥ 1GF 14°C) was defined by the equipment specification ay the maxitum cooling aie
St omperatuere for ground operation, with flow rate fncreused {or this condition
over that suppiiea ul BQF.

The cooling air flaw rates ave differemt for cach LBU since they are hased oa
total heat toad.  The tatal heat lead {8 defined ag the maximum clectiical dissipation
plus heat added to the LRU while aperating in its highest temperature ambient, The
exhaust air temperature and the average cooling air temperature, are therefore related
to retual moxle of eperation, and amblent temperature for cach step during the test
eveie.  This leads to fairly large variations in temperature and temperature shock
among the LRUs, for ditferent steps during the tost eyele.  This effect is illusirated in
Figure 17 for the Recerver-Transmitler- Mudciator IRTM) LRU and Figure 78 jor the
Antenna Cantral Unit (ACUY LRU, the twe units which are exposed lo the widest swingy
of external ambient temperature and also representing the teo extromes in power dig-
sipaticn, antong all the LRu.s, The RTM dizsipates a large quantity of heat, is ther-
mally designed for amiient ltemperature of 160°F (7] T and s therdfors relatively vos
affected by the extersa! ambient when compared with the Yow power diasipation ACU,
desigiied for «n ambient of I7¢°F (132°C) maximuta,
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Figure 77. Reliability Qualification Test Cooling Air Temperatures, APQ-113
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Figure 8. Reliability Qualitication Test Conling Air Temperatures, APQ-113

Antenna Contral Unit

¢. Comparisen of QT s Severity - APQ-120 vs APQ-113 118 {44

Table XXVI presents ta a matrix format salient features of the RQT for cach radar

to allow a comparison of the relative teverity of tost rontitions,

For each fest atiribate

listed, there is 2 corresponding condition {ar the applicable ML -Spec.




TABLE XXVI. ENVIRONMENTAL STRESS LEVEL COMPARISON, RELIABILITY
QUALIFICATION TEST, 24-HOUR TIME PERIOD

AN APQ-113 MIL-R-26667 | AN/APQ-120 | MIL-SID-781A
TESTLEVEL 3 TEST LEVEL €
NUMBER OF TIMES EQUIPMENT UNDER
TFST TURNED ON. OR OFF 6 s 5 5.3
TOTAL CHANGE IN COOLING AIR 162" 30°F 810°+ 135°% 195%F
TOTAL CHANGE IN AMBIENT TEMP 914°F 176 910°F 1044°F
EXCEPT 1550°F REMOTE
MAX1MUAY COOLING AIR TEMP CHANGE $°F 4 145°F & 150°F & 150°F &
IN ONE STEP 145°F ¥ 145% ¢ 150°F ¢ 150°
COOLING AR TEMP RATE OF CHANGE 29% IMIN NIA 25°F IMING NIA
2.5°F [AUNY
MAXIMUM AMBIENT TEMP CHANGE IN 19%°F & 1965 4 185%F & 196°F &
ANY ONEZ STEP , 25°F Y 19674 ¥ 185°F ¢ 19%°% ¢
EXCEPT REMOTE
265°F §
265% ¥
CHAMBER TEMPERATURE RATE OF CHANGE 297 N 9°F 1IN 12°F AUN Q°F : AUIN
NUMBER OF CHANGES 3 EXCERI a § 5.3
IR AMBLENT BEMP REMCTE 9
NUMBER OF CHANGES ) S ] 53
IN COOLING AR TEMP
MOURS OF RADAR ON-TIME N 135 151 17
AUNGTES OF VIGRATION k2 1s 151 W
{

T ASSUMING DESIGN REQUIRENERT LIAVITS COOLING ALR SUPILY AW RATURE AN AT 03°F 1 S2°0) AKD
2AX AL ST IZITG
¥ DENQTES GOING FROM T TO CRLD
3 JENDTES GOING PROM COLD TO HOY

In mwaking comparisoas belwern the actual test eveles (i e, to which the APQ-
113 1147149 and the APQ-120 wore subjected) and the test eyeles dofined by MIL-R-
4B86TA, Test Level 3, and MIL-STD-T8IA, Test Level E. some flexibilily exists in
wterpreting the specifications.  Because of varations in the time roquired for, and the
de Ninition of, femperature stabiiization, stall variations whih are a divect result af
the time period required for one cyele are ol truly significant.  For example, the fre-
quency of turoeing the aquipment ON or OFF changes trom 5.3 to § ger day by increasing
the stabilizalion time required by asly a few misutes.

The significant coaclusions that can Ye drawn frem nspection of this Lable are
given below.
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i1} Therfaal Shoek

The RQY thormal shock to which the APQ-113, 114, and - i44 radars were ax-
poted was 1088 severe for LRUS lotated i the electronics bay and cookpit arda
fobe Severe for the radoiiesiccated eguintuent Uua would have resulted if the BQT
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were conducted strictly in accordance with MIL-R-26667A, after which the cycle was
patterned.

The APQ-120 received a greater themal shock during RQT than the cockpit and
electronics bay LRUs of the APQ-113/114/144 radars, but it is difficult to compare
the radome-located APQ-113/114/144 LRUs with the APQ-120. The total change in
cooling air temperature for the APQ-113/114/%44 in a 24-hour period of RQT was
considerably below both MIL.-Specs requirements and that supplied to the APQ-120. The
APQ-120 radar was subjected to unusual thermal shocks during the transition from low
to high, when coouling air was suddenly drawn from an external source at ambient
temnerature, resulting in a practically instantaneous change, and during the cold part
of the step, when it was reverse-flowed through the equipment. For the cool-down
period, the rate of change of cooling air temperature was 2.5°T/minute (1.39-C/
minute), the same as the equipment ambient. T!is was much less than that inferred
by the specification of »°C/minute (9°F/minute) minimum. On a relative basis, this
does not represent a great thermal shovk. For the heat-up period, however, the rate
of change was 25°F ‘minute (13. 9°C/minute) as determined from a typical thermocouple
output recording. The fact that cooling air flow was reverse-flowed through the equip-
ment is believed to be an unusaal deviation from the intent of the specification and did
produce an exceptionally large thermal shock fur a number of parts.

{2) Test Chamber Ambient Air

For forced-air-cooled eguipment, the ambient temperature and s rate  © change
impose a much less severe condition than changes ia cosling alc temperature proper.
This is not true for the matural-convection-caoled eqaipment where part temperatures
are directly dependent on chambesr ambient temperateres, 1 comparing the tatal num-
Lor of degrees af change in ambient temperature in a 24-hour period, no signific ant
differences exist. The range in temperature excursions e the APQ-113 114 -144
antenna assembly was mush zreater than respuired by the gpecification awd greater than
the range ueer which the APQ-120 was tested.

The APQ-113 144 144 radars wepe subjected to a much higher masimym ambi-
ent temperature than defiped by the specifieations, or to which the APQ- 120 was sub-
jected {i. e, . acteal 160°F (T1) vs spec [31°F (55°C) for all except the remsie equip-
ment which wag subjected to 270°F 132°C),

131 Thersnal Cyetes

The APQ-111 was subjected to 3 greater aun, s of tetnperature changes ia 3 34-
howe period, but o the asiz of pumber of changer pet hoyr < ON time, which ig a
more valid cotiparison, the differcares tend to disappear.

id} Vibration

The APQ-113 vibrration was apelied for 10 sidmmtes gt hour of tokal test e (.o, ,
OX plus OFF Cste}.  The & PQ- 120 vibra ted for 10 miuates of cach bour of radas opem-
tinn galy.  For hoth raday tesis, “thration jevels amd frequentins are within the fimiis
reguired by MIL-R-26C6TA for the APQ-113 dsad MIL-STD-T A for the APQ-130. Al
thoug!: diffe rent specifications and levels were applind, ihe accolommtion level asd fre-
guency al whivh the APQ-113 was viiratled were also wilhis the limits allowed by Mil.-
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ST! -781B. APQ-113 was vibrated at 0.32G (0.01 inch double amplitude) at 25 Hz amat
the APC-120 was vilrated at 2.2G at 57.5 Hz; the totzl vibration time per 24-hour
paiiod was 240 minutes for APQ-113 and 151 minutes for APQ-120.

f. Comparison of APQ-113 RQT with MIL-STD-781

Amlysis oi the MTBF performance of an equipment must include the basis for its
determimation, particularly the environmental stress applied. Different applications,
testing and use conditions make direct comparisons of equipment reliability performance
questionable and perhaps invalid if based on measured MTBF values alone. Use of stan-
dardized test conditions, such as MIL-STD-781, provides a sound approach to minimiz-
ing the problems of comparison.

Therefore, the following gualitative analysis is provided with the objective of res
lating the reliability qualification testing actually performed, for the APQ-113 Radar, to

. MIL-STD-781 requirements and pointing out the anticipated €ifects on the resulls due to

the identified stress differences. Vibration effects were omilted in this discussion be-
cause of their relatively small contribution (=10%) as compred to the other major
stress factors composing the balance of the test cycle (<90%).

(1) Test Cycle Parameters Affecting Radar Reliabilaty

The MTBF that would be measured by conduetiiug a test fully compliant to the re-
quirements of MIL-STD-781A, Test Level B, would most pretably be different from that
actually measurd for the APQ-113 Radar hecnuse of differences in the magaitude al
duration of the environmental test stresses agplied, In particular, the following sele¢tacd
test parameters ave discussal us they couad account for significant ditferences in wmeas-
ured MTREF:

® Freguency of power application
@ Freguency of temporature cycles
® Rale of temperature change

o Coolirg abr: ambient temperatuye

{2} Test Cyele Comgarison

The Test Level £ oycle cantathed e MIL-STD-T81A s described on gage 5-7 avdd
18 shown graphically ie Figure 2. The reitabiiity gealidicalion test perforiat on the
APQ- 113 Rada: s showe 10 Figure 73, I gesienal, the aajor illeronces otuween the
MIL-STO-T81A Test Lovel E text  amd the APQ-113 RQT are as follows:

NOTE: Hor this disvussion, "high" (cmperature refors to fetnperatures
above 807 F atd "low™ temporalsre refers to {etnperalures belinr
§0°F.

{a) Fregucrcy of Power Agplirations < MIL-STD-T81A, Test Level B, reguires
tiat the radar bo turned on at the ond of By cold portion of the cycis (28t hefore the
transictt o high tetperalur.) amt off at the ¢nd of the high temperalyre. Dering ote
28-hour cycle af the APQ-113 RQY, the raftar was Wwrned off for one hour at -B3"F, off
for ane kouir at 07F, asd oif for 10 wirtes at 807F (refer to Figure T3).
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Had the MIL-STD-781A temperature cycle been specified for the APQ-113 Radar,
the dwell times would have been 3-1/2 hours at low temperature and 4-1/2 hours at high
temperature with 22-minute transient temperature times from high to low and from low
to high, resulting in a total cycle time of 9 hours and 44 minutes, each cycle having one
power turn on and one turn off. The frequency of power application or removal would
thus be two reversals every 9.7 hours, or 5,3 reversals per 24 hours.

The APQ-113 Radar cycle actually experienced six reversals per 24 hours. Al-
though more power reversals per cycle occurred during the APQ-113 Radar test, the
power reversals per relevant hour are less. For the MIL-STD-781A cycie, a frequency
of 0.34 reversals per relevant hour is obtained as opposed to 0,27 reversals per rele-
vant hour for the APQ-113 RQT cycle. Note that all of the MIL-STD-781A turn-ons are

at low temperature.

The quantitative effect on equipment MTBF of the frequency of power turn-on and
turn~off is not known, and measuremnnts made during the APQ-113 test do not provide
data which allow drawing definite conclusions (no failure was attributed to turn-on and
off), However, it is general knowledge that the turning on and off of electronic equip-
ment does impose stress conditions that can lead to component failures. In addition, it
is reasonable to presume that the effect of the number of power reversals is linear in
that the rate of failures that can he attributed to this stress condition will probably in-

crease in direct proportion to the irequency.

The principal stresses resulting from power application and removal are associ-
ated with:

& Current surges in some circuitry

Heating of components at rates tiat vary from severe thermal shock in
the case of very smali, active coraponents toa very slow time rate of

change for large components

L

The temperature at whici power is applied and removed must also be considered in at-
tempting to guantize the effect of this test parameter on MTBF; however, there is no
known rational way of determining this influence for a complex equipment.

: For example, if the equipment is turned off at the end of a stabilization period at

" elevatcd temperature (131°F) and at the same time ambient and cooling air temperatures
are reduced at the 5°C per minute rate specified in MIL-STD-T81A (for ambient to
-85°F), then the total temperature change for soma active components can be very

. large. - As a specific instance, a semiconductor uaction at 125°C at the end of the high

temperature portion of the cycle will be at -65°C at the end of the cold part of the cycle,

. for . total temperature change of 190°C in the junction {en.perature with a 109°C (i.e.,

131 - (-65) = 196°F = 108°C) change in air temperature,

This represents a much more severe stress condition than had the equipmest heen
left on. In this {atter case, the junction tempertture change would have been about
109°C, or a difference between the two test conditions [or this part of 1.8 to 1.

(b) Freguency of Temperature Cycles - Considering the trequesicy of temperature
cycles as an independent variible, axclusive of temaperature excursion and riate of change,
can be misleading, Some conclusions can be formulated, however, based on the avail-

ability of publishod data.
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As a specific example, a recent paper (1972}, "A Study of Temperature Cycling as
Employed in the Production Acceptance Testing of Zlectronic Assemblies ("Black
Boxes')," by R.W. Burrows of Martin Marietta Corporation concludes (based on data
from five companies using MIL-STD-781B) that in order to eliminate incipient defects
six cycles are probably adequate for black boxes of about 2000 components, while ten
cycles are recommended for 4000 or more components., The further conclusions is
reached ihat, with good parts and packaging technique, temperature cycling is not de-
grading, up to several hundred cycles.

The APQ-113 RQT 24-hour test cyrle included eight changes in ambient tempera-
ture for all equipment except the anteuna/pedestal/ACU which wag subjected to nine. In
terms of frequency of individual temperacure cycles, all equipment, excepi the antenna/
pedestal/ACU, was subjected to four temperatvre cycles per 24 hours of test time, or
4.4 temperature cycles per 24 hours of relevant time. The antenna/pedestal/ACU fre-
quency was 4.95 temperature cycles per relevant a4 hours.

Cooling air temperature for all LRUs was changed five times during 24 hours, or
2.5 cycles per 24 hours of test; 2.7 cycles per 24 relevant ~ours. MIL-STD-T781A Test
Level E would have required 5.3/2 = 2.65 temperature cycles per 24 hours of test, or
4.3 (i.e., (5.3/2) x (24/14.7) temperature cycles per 24 relevant hours. Ou either
basis, the APQ-113 test exceed - 1 ta some degree the requirements of MIL-STD-T81A
Test Level E in terms of frequv-y - temperature chunge on a compouent basis, How-
ever, boih the ambient and cooung air {émperature liruts {>mplitude) of the APQ-113
test varied throughout the 24-hour cycle, as shown in Figure 75,

In evaluating the effect of frequency on MTBF, and lacking Statistical test data,
the logical (and somewhat intuitive) approaih waould be to presume that failures that are
precipitated by the things of which frequency is composed (i.e., time rate of change of
temperature and time duration a. temperature) would be increased if the Irequency were
increased, and ina linear fashion. A difiiculty in such anapproack les in separating
those failures caused by -rate of temperature cliange, by time duration at tempemtuw,
by frequency of power turn-on, and 0¥ fraquency of temperature change.

In the case of the APQ-113 RQT, the difficult prablem of quantizing the effect of
one parameter of a temperature cycle is further complicated by the fact that the ampli-
tudes (i.e., temperature limits) varied throughout the 2¢-houy eycle (l.e., no two were
the same) and were all diffevent from that Mueh would mave been required by MIL-STD-
T81A Test Level B,

(¢) Rate of Temperature Change - When analyzing the effects of the rate of lem-
perature change parameter on equipmont MTBF, the primary concern is with the rate
of change of temperature of (and t2mperature profile within) the many componemts which
compose the equipment, Within 2 complex equipment, component temperatares respod
differently 1o cooling atr and ambiend Uranstents, and 0 usiug the air temperature's rute
of change s only an indication of an avera:e elfect on parts.

The degres of component stresging assuciated with teraperature ransionts is known
to be a function of the time rate of clange of component temperature.  Obviously, fallures
that are caused by such a stress will cecur at a faster rate as the time requirad for a
fixed change deereases.

The quantiative effert of rate of temperature change on MTBF of a complex equip-
ment such as the APQ-112 Radar b a0t coadily detertained.  In additivn, besond the
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conclusion that has been reached as a result of the accumulated experience of several
organizations involved in Reliability Qualification types cof tests, that in general the
faster the rate of temperature change, the higher the failure rute (of failures precipita-
ted by this type of stress) little is kaown,

(d) Cooling Air Temperature and Flow Rate - MIL-STD-781A requires that the
cooling air supply temperature and rate of flow be the minimum design flow rate at max-
imum design temperature during the hot part of the cycle, and the maximum design flow
rate at the minimum design temperature during the cold part of the cycle. For the
APQ-113 Radar design air flow rate is a unique function of the inlet air temperature;
therefore, ouly one rate is specified for each inlet temperature,

MIL-STD-781 Test Level E as shown in Figure 72 would require cooling air at
-65°F for 39% of the total test cycle and air at 80° F* for 61% of the cycle.

Comparisoun of the APQ-113 cooling air temperature supplied during RQT to the
MIL-8TD-781 requirement is shown below in terms of percent of the total cycle.

COOLING AIR TEMPERATURE - PERCENT OF CYCLE

Temperature (°F) -65 |30 | 80
MIL-STD-781A (%) 39 61
APQ-113* (%) ' 8.5154 29

*No air flow - equipment off 8.5% of cycle

(e) Chamber Ambient Temperature - The high chamber ambient temperature for
the APQ- {13 Radar was equal to, or exceeded, the requirement of MIL-STD-781A, Test
Lavel E {of 131°F) for approximately 64% of the total cycle time. The percent of time
spent at a given temperature level is as displayed below,

FPERCENT OF TOTAL RQT CYCLE TIME*

Chamuver Temperature (*F) -65 1 0 |80 [131}16Q] 2001 270
MIL-STD-T81A (%) 39 81

APQ-113 (%)

RTM, Syne, Ind. Rec, 1816 |11 264§ 35

ACU, Ant,, Ant/Ped, 13({6 J17 ] 601 4

*Percentages calculated ) 0 appruximate, awd include average
transiom tmes,

*Not2: The maximuim APQ-11J dosiga couling 4ir temperature for altitude conditton is
80°F. For sca lovel operation, the maxinwuin design temperature 15 120°F fwith cool-
ing air flow rate increased).
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sA1L-3TD-T81A, Test Level E, requires that for approximately 39% of the total
cycle time the ambient be at the low temperature of -65°F, The APQ-113 Reliability
Qualification Test subjected all LRUs (including the antenna/pedestal/antenna control
unit) to low temperatures for 19% of the total test cycle according to the following sched-
ule:

13% at ~65°F
6% at 0°F

Seventeen percent of the total cycle time was at an amoient of 80°F,

For the antenna, antenna/pedestal and antenna control LRUs, the high ambient
temperature was 200°F for approximately 60% of the total cycle and 270°F for one hour
or 4,3% of the cycle. This high ambient is especially significant for the antenna and an-
tenna/pedestal because they are cooled by natural mears. In addition, since the total
heat dissipation of the AU is relativ-ly low, heat addition from the ambient has a signi~
fican. efect on the aver=+e cu.ling air temperature (refer to page 5-12, Cooling Air, and
Figure 78), resulting in notter electronic components internal to the ACU.

3. IN-SERVICE (FLIGHT) FNVIRONMENT

a. Qujective

The primary objective of this subsection is to compare a typical environmental
flight profile with the environmental condilions during RQT cycle for each of the two
radar types. This comparison will be uscd to correlate the field measured MTBF with
that demonstrated in RQT. The relative merits of stress levels and exposure length in
RQT versus field encountered counditions are discuseed.

b. Summary

® Th2 thormal environment of APG-120 in flight is milder than that
cncountered by APQ-115/114/144 based on tcmperature extremes
end the duracion of time spent at low and very high temperaturns,

® The thermal enviconment of APQ-120 is mc e severe in RQT than .n
flight, The reverse is true for APQ-113/114/144, Neither radars'
RQT eycle simulated its actugl tlight environmental profile very well.

@ Although F-4 vibration axposuce 1n flight is more severe than that of
F-111, APQ-120 sees levels comparably to APQ-113 by virtue of being
vibration isolated versus the latter being hard mounted in the aircraft.

® The RQT vibration environment for both APQ-120 and APQ-113/114/
144 radars was periodic at fixed frequer~y and did not simulate the
measured random type encounterad in flight.

e No quantitative data was available for field encounte=ed humidity con-

ditions for both radars. Humidity, not contr~lled during RQT, varied
widely, but is considered mild compared to field environments.
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¢. Thermal Environment

(1) APQ-120

Since no instrumented flight test data defining actual field thermal conditions was
available, a computer-simulated thermal analysis of the F-4E ajrcraft thermal condi-
tioning system was obtained from McDonnell Douglas, The results of this analysis are
presented in Table XXVII wherein temperatures for various standard days, altitudes,
speeds, and flight conditions are tabulated,

A review of several mission profiles obtained from McDonnell Douglas was made
and the flight conditions of speed and altitude were related to the values listed in
Table XXVII. As a typical mission example, the aircraft climbs to an altitude of be-
tween 30,000 and 40,000 feet, flies at cruise conditions for one hour, descends to 5000
feet for 30 minutes flying at Mach 0. 85, climbs to 40,000 feet, and returns to base
under cruige conditions, During cruise eonditions above 30,000 feet, the data contained
in Table XXVII yields an average cooling air temperature of 40°F. This condition ac-
counts for the major part of this mission. A review of other mission profiles yields the
same average cooling air temperatures. Cooling air at a temperature much in excess
of 40°F is supplied only during short periods of relatively high speed flight or while fly-
ing at low altitude.

It can therefore be concluded that for the greatest part of its operational life,
APQ-120 will be subjected to the following temperature conditions:

® Radar compartment temperature ambient 78°F (26°C)
@ Cooling air supply to radar 40°F (5°C)

The maximum ambient temperature for the Radar compartment is 169°F (76°C) at
sea level, Mach 1,1, and maximum radar dissipation. This condition results in a maxi-
mum cooling air temperature of 113°F (45°C), The radar is subjected to this condition
only occasionally, during supersonic low altitude dash.

Cooling air flow rates vary over a large range for any given inlet air tempera-
ture. Under all conditions shown, the actual ¢ooling air flow rate is in excess of de-
sign flow by significant margins. This has the effect of reducing the temperature of
exhaust air well below both that considered during design, and actually supplied during
the Reliability Demonstration Test. It results in a cooling air temperature range that
is relatively small, and centered somewhere near normal room ambijent temperature.

(2) APQ-113/114/144

Thermal environmental duta, obtained from Genera! Dynamics- Fort Worth in the
form of a test cycle during which ambient and cooling air temperature levels vary with
time, are shown in Figure 79, This figure represents the field environment and is
vased on the combination of instrumented flight test data and analysie. The relative
time durations at each temperature level are representative of relative times during a
typical mission.
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TABLE XXVII, THERMAL CONDITIONS, F-4E APQ-120 RADAR

RADAR RADAR RADAR

DAY ALTITUDE MACH FLIGHT COMPART. INLET AIR AIR FLOW

1000 FT NO. CONDITION TEMP * F TEmMP ° F RATE

(LBIMIN
HOT St K MAX END 128 8 24.08
SL .53 CRUISE 126 8 29.39
SL 1.1 MAX PWR 169 i3 R
15 5% MAX END 114 8 €%
15 .612 CRUISE 15 8 8.1
15 1.3 MAX PWR 2 8 X.%
4.9 . 661 MAX END 19 8 2.4
9.9 .0 CRUISE . 12 8 26.65
2.9 1.61 MAX PWR 4 8 %.33
3.2 .661 MAX END i 0 2.4
2.1 .21 CRUISE 81 Q€ 23,51
8.2 161 MAX PWR 132 ] 29.09
35 818 MAX END 9 Q0 19.62
33 .8 CRYISE 8 Ly 20.69

35 1.8 MAX PWR 1% 1 8.5 -
50 1.0 MAX PWR 07 Q0 2.0
bl 1.6 MAX PWR il L] 18.67
STANDARD St .2 MAX END 109 8 2.8
St .53 CRUISE 109 85 34.93
SL L5 MAX PWR 136 5 33.%
15 .53 MAX END vl 8 an
15 .61 CRUISE 103 8 1nn
2.9 . 661 MAX END 95 0 B3
2.9 ., CRUISE 104 8 3151
4.9 1.8 MAX PWR 154 9 3.2
2.1 . 6ol MAX END 66 LY 4.9
5.1 1.86 MAX PYR 153 92 8.3
3 .818 MAX END 67 L] 2.4
35 .8 CRUISE o7 i) FsX. 3
3 22 MAX PYR 158 9% 21.83
55 155 MAX PWR 106 L4} 16 69
55 1.9 MAX PWR 110 L] 18.60
caLp st .2 MAX END &0 63 5380
St .53 CRUISE n ] 0.9
St 1.2 MAX PWR 9 & .02
15 .835 MAX END 87 8 35.00
1% N1rd CRUISE 84 " 38.98
8.9 .61 MAX END 81 & 0.4
A9 R CRUISE [ 31 ny
4.9 L9 MAX PWR 139 12 N
a8.1 .66t MAX END 56 D A.6

AMAX EXD MAXIMUM FRDURANCE
MAX PR AAXIAUAL POWER

In addition, a review was made of temperature sengor output data contained in
Technical Report ASD-TR-68-14, Category II Evaluation of an F-111A Aircraft in the
Climatic Laboratory and Tropical, Arctic, and Desert Environments. This review re-
vealed that none of the thermal sensors located in the cockpit, radome areas, and in
the cooling air supply duct for the forward electronics bay equipment exceeds the De-
sign Specification limits. Nevertheless, inafew instances, the RQT high temperature
limits were exceeded when the aircra{t was at sea level,

d. Thermal Profile Comparison Flight versus RQT Cycle
Since the forced air temperature exerts predominant {afivence on equipment's

temperature in a forced-air cooled equipment, comparisen of fliyht thermal conditions
to RQT profile will be restricted to that aspect only,
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CYCLE BASED ON ACTUAL FLIGHT ENVELOPES F-111
ACTL FLIGHT AIRFLOW S APPROX. 120% OF DESIGN

emeeme REMOTE AMBENT VALUES
= — =N BAY & CABIN AMBIENT SOURCE: GENERAL DYNAMICS REL. DEMO.
e =« COOLING AIR TEST CYCLE BASED ON FIELD DATA

OFf ON

VT 7T 7T F © 6 4 % B 3 & =
TIME - HOURS
Figure 79, APQ-113 Field Thermal Environme.t

(1) APQ-120

A graphical comparison of cooling air temperature and the relative duration of
radar exposure to each stress level in flight and in RQT is shown in Figure 80. The
time base is expressed as a percentage of a typical flight profile as well as that of an
RQT cycle. It is apparent that the RQT thermal environment is more severe than the
actual flight. In flight, 70% of the time the cooling air temperature is 40°F and during
the remaining 30% it is supplied at 85°F (except for a short period x3% at 115°F). By
contrast, in RQT 30% of the tiiae the forced air is as supplied at -30°F or below and
during 58% at 85°F.

SEVERITY
RD > FLIGHT
mmmem—m—y R B FLIGHT > RO

i MO MRt ro
|

&

TYP. FLIGHT

8

|
i
t

COOLING AIR SUPPLY TEMPERATURE - °F

0 » » & D & 0 & % 1o
% OF TIME (DURING TEST, OR FLIGHD
Figure 80. APQ-120 Reliability Qualification vs In-Flight Cooling Air Temperature
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(2) APQ-113/114/144

A similar comparison of forced air temperature veisus percentage of time is
portrayed graphically in Figure 81, It is apparent that a typical flight environment is
more severe than the RQ{ cycle. Forced air temperature during flight is at or below
-46°F for 55% of the time versus only 12% in RQT. Although the cooling air tempera-
ture in RQT exceeds the flight environment 25% of the time, the iemperature of +85°F
is not as detrimental to parts reliability as is the 120°F cooling air received 5% of the
time (i. e., 35°F above the RQT level).

10
110
e SEVERITY

% B2 ro > FLIGHT
70 REL : FLIGHT > RD

/nmo 3 rLiGHT = RD
50 4 TYPICAL

FLIGHT

o - -

COOLING Al R SUPPLY TEMPERATURE

0 10 2 N & 0 6 0 8 %
% OF TIME (DURING TEST, OR FLIGHT)

Figure 81. Reliability Qualification - Flight, APQ-113 Equipment, Cooling Air
Temperature

e. Vibration Environment

(1) Flight Conditions

(a) APQ-120 - Data used for determining the aircraft vibration environment of
equipment 1ocated in the nose of the F-4E aircraft is shown in Figures 82 and 83, from
which Figure 84 was calculated.

® Normal flight condition data was based on RF-4C aircraft data in which
a relatively small, vibration-isolated radar is installed, Lacking data
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0 T ™ T T ) A A— g T . v

0.6 0.8 1.0 1.2 1.4 16 1.8
MACH NUMBERS
{ Figure 82. RF-4C Overall Vertical Vibration, Grms vs Air Speed 5

*

} ' for the F-4E containing an AN/APQ-120 Radar, it is presumed that
these data are representative within acceptable limits. Note that the
= . AN/APQ-120 radar is also vibration-isolated, and the measured :
: . flight vibration levels are low when compared with qualification test
levels.

- ® Gunfire vibration data was obtained for the F-4E with an M61 Vulcan
20 mm gun mounted in the nose, under the AN/APQ-120 Radar,

Lo

APt A

; For normal flight conditions, the data obtained from accelervmeters mounted on
the RF-4C radar mount provide the following representative vibration conditions:

Mach Number, M Altitude, h (ft) Dynamic Fressure, q Acceleration Grm
(psf)

0.85 2,000 1005 1.2

8

0.90* 2,000 1130 1.5

1.80 30,000 1800** 2.5

W e

*at M = 0.9 there is an oscillating shock aft of the chin. Its effect is shown in
SN . Figures 82 and 84,
voE ** Higher q flight in the F-4E is likely - up to 2500 psi.

LAY e
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e

Figure 83, RF-4C Overall Vertical Vibration, Grms vg Frequency

Note that the characteristic of the vibration environment of the aircraft is random, with
a series of peaks in the spectrum. (Figure 83)

Since both the RF-4C and the F-4E have very similar structure, and both radars
are isolated, it ir safe to assume that normal flight vibration levels in the nose area will
be about the same. The one notable difference, the lack of a "chin' on the F-4E, will
probably resuit in a lower level of vibration, near M = 0.9, because of the reduction in

asrodynamic disturbances.

Vibration resulting from firing the M61 nose~-mounted 20 mm gun installed in the
F-4E produces an input to the AN/APQ-120 Radar (at the aircraft side of the isolators)
that consists of a fundamenta) signal of essentially 100 Hz sinusoidal vivration, and
associated harmonics. The harmonies from 300 Hz to 800 Hz are the important com-
ponents of the vibration, and each harmonic shows an acceleration leve! of about 17G
RMS. The overall level for six harmonics is thus G = /B x 17 = 41.7G rms. The
furdamental and other harmonics are negligible. This level is of course attenuated to a
much lower level by the vibration {solators before it reaches the radar,

198 -




L RE e S

P ———r—

T

TRANSONIC

2.01
4
;53 o 3,000 T,
[+]
000 FT.
é 2,
3 °
1.0
mm‘somc
- F-111ALEVELS (REP
) / /
/
/
,’
0= —
0 1000 2000 300

DYNAMIC PRESSURE, q, (PSP

Figure 84. RF-4C QOverall Vertical Vibration, G vs Dynamic Pressure

rms

In addition to structural vibration in the nose compartment, there will be some
acoustic vibration at 100 Hz and associated harmonics,as high as 150 db, resulting from

gunfire.

(b) APQ-113/114/144 - The data used for defining the flight vibra:ion environ~
ment in the F-111 were obtained frem two sources:

@ Normal flight vibration data from flight test reports for airplane
aumber 75, issued by Gencral Dynamics, Fort Worth,

o Gunfire vibration data from flight test reports for airplane number
§, equipped with 2 single gun firing at a nomiunal rate of 6000 rounds
per minute (100 rounds/second).

‘The data apply cyually well to the APQ-113, -114, <144 Radars. These three ra-
dars are practicaily identical from a structural standpoint; all three are hard mounted
ard instalied in the same locations on the F-111 aircraft; the antenna assor bly in the
radome, the RTM (MRT), and Synchrontzer in the forward electronics bay, the Indica-
to./Iecorder LRU in the cockpit. A roview of vibration data in the cockplt area shows
levels to be, in general, significantly lower than in the nose locations,

Normal flight vibration data on the Forward Bay Rack is sumamarized in Figure 85
ard Table XXVIIL. It is generally low-level {0. 64 Gy maximum), varies linearly with
dynamic pressure. s wide-band random in nature, and the spectral shape is lakgest
around 500 Hz.
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Figure 85, F-111A Vibration Measurements, Forward Electronics Bay Equipment Rack
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) Unlike normal flight vibration which is random, the vibration resulting from gun-

[~ . fire consists of a series of harmonics of the gun firing rate, superimposed over hormal
flight vibration.

The single gun used in the F-111A is mounted about 35 feet from the nose, re-
sulting in low levels of vibration in the radome locations. Gunfire vibration levels are
substantially greater than normal Jlight vibration, but less than qualification vibration
levels in most cases. A worst case vibration spectrum obtained during gurfire is in-
cluded in Figure 86. Typical levels are between 25% and 50% of these worst case levels.

0
2 1L12M @ 35,000 FEET

1.8
3 16
1.4

L2
1.0

/

ACCELEROMETER /
LOCATION

B I Y

0

ACCELERATION RMS ¢
oo

=

[ d

FRiQUENC\ Wz

Figure 86, Flight Test Gun Vibration Data, F-111A Weapons Bay, Forward Electronics
Bay, Lower Sheif, Vertical

{2) Flight versus RQT Cyele - APQ-120 and APQ-113 114/144

‘Table XXIX summarizes the vibration envirooment in flight acd RQT to provide
comparisons. Conclusions are drawn in the table bt basieally:

1)  The F-4 normal flight vibration ievels are two to three times as severe
as the F-111 at equivalent locatinns.

2) The F-4 guafire levels are much more severe at the radar location than
the ¥-111 because of the proximity of the gun to the radar.,

3) The Reliability demonstiration fest of the F-4 radar applied more severe

accelerations thae the F-111, and properly s0.
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TABLE XXIX. VIBRATION COMPARISON

Foan Fa COMPARISM OR COMMENT
CHARACTER W:DE - BAND RANDOA WIDE BAND RANDOM SIMILAR
SPECTRAL SHAPE PEAR CORTENT AROUND 500 ros | PEAK CONTENT ARGUND 502 cos| SIMILAR
& - ——
g A F ATWVO 10 THREE TIMES AS
3 | oLy RaoR LOW- 0 640qug OVERALL LOW- 1 6Ggyg OVERALL SEVERE AS S 111
= RFAC HAS OSCILLATING SHOCK
Z | IRANSONIC REGIO | NO £FFECT 2 26qps OVERALL WIAVE AFT OF "CHIN" LOVIER
_ LEVELS EXPECTED INT 48
< _
S DEPENDENEE ON GRMS VARIES LINEARLY - mAse T Y
S| | ovnae PRESSURE 4 | with q Grag INCReASc ™ Wil ) SIWIUAR
X PERIODIC AT BASIC FIPING | PERIGOIC Al BASIC FIRING
] SIMILA
:’mncrs RATE AND ITS MARMONICY | RATF AND H< MARMONICS AR
wl e o 100 TO 1500 cos NARMONICS | 00 TO 800 cgs MARMONICS o
o= o
z SHRCIRAL SHAPY PEAKING AT 700 ¢ps OF NEARLY FOUAL AMPLITYDE | TTFFERENT
2 ) . y
3 I on ¥ & MUCH MORE SEVERE OUS
LEVE @ RADAR 2-d0qug B EACH MARNORIL | )0 1o AT FACH HARMWONIC | 10 SHORIER GISTANCE 8E
TWNEEN SUN MOUXNY & QADAR
CRARACTER PERIODIC PERIOOIC SaMt
§ SPfC-fQ—\l SHAPE 1& y (Y 7 ¢ —r.
5 it Beps s OASFEREN
SX e T T SN ) FoALS T TINES AS SEVIRS
T .p . AT T A
f‘:é LEVEL 8 RADAR 0G5 AN 226+ 0 1N VIBRATORY ACCELERATION
g2 b e
= T0MIN EACK MOUR
"j Tt A SACH KR OF PORER O\ L1AIE

b} Fer F-4 - About equal to the highest flight level,

4}  The levels applied duriag the Reliahility Qualification tests were:
a)  For F-111 - Ab~ut one-third the highest flight level.

e s e e S e St e e L

3} The vibration applied in both demanstration tests was periodic, and ad
a good simulation of the measured, random £ight eavironment. -

f. Huridity Buvironment

(1) Geaerai

The kemidity desige criteria for the APQ-1313/114/14% Attack Radar and the APQ- 3
120 Fire Control Retar were defined by the Qualificaticn Test Reguirsiments., Foraual 3
burnidity westing was limited to the Qualkification Test. The test cycles specified in both 1
MIL~R-26667 and MIL-8TD-751 do aot include contrallod hasaidity lovels; Aowever, the
awbient air and the cooling air supplicd during these tests cbviously corlain water sapor :
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to some degree, The quantity of water vapor in the cooling and ambient air during RQT
is a function of:

1) Relative humidity of the ambient in the vicinity of the test chamber.

2) The temperature cycle to which the air is subjected.

3) The design of the air conditioning equip.aent, including such factors as
the degree of sealing of the test chamber and associated air ducts, pro-
visions for water drainage from cooling coils, and source of cooling air,

Humidity effects cau be classified as long term or short term, The predominait
long term problem ig associated with the slow absorption of moisture, either liquid or
vapor by various materials, which may lead to eventua! degradation and/or failure.
Short term effects are generally caused by liquid water, for example, contained as
small droplets in cooling air, or ~csdensation from relatively high humidity air on sur-
faces at lower temperatures than the air, As an example of a typical condition during
which condensation could prese:: .. significant problem, consider an electronics equip-
ment installed in an aircraft flyn.g at high altitude, with the electronics stabilized at a
low temperature. A fairlv rapid descent to a low altitude, where air is much warmer,
and at a high relative hur <dity, will result in condensation of water on the cold surfaces.

The quantity of water accumulated is a function of the rate of change of tempera-
ture of the surfaces on which the water is condensing, A thin, light weight printed wir-
ing board might develop a thin layer of moisture before its temperature rises to near
that of the surrounding air. A large trarsformer on the other hand could cause a sub-
stantial quantity of water to accumulate because of its higher thermal inertia and re-
sultant slower temperature rise.

(2) RQT

Humidity was not a controlled RQT environmont. A'though humidity was not mea-
sured in RQT, it is known to have varied widely during the period of testing of APQ-
113/114/144, and is assumed to have varied during the APQ-120 test.

As a result, data is not available which can be uged to quantize the Reliability
Demoistration Test environments, A qualitative conclusion can ke drawn, however,
that humidity conditions weve normally mild during those tests, when compared with
the field environment. Thus it is also safe to conclude that most problems that are as-
gociated with humidity in field deployment would not be discovered during the RQ’I‘ as de-
fined by MIL-STD-781 and MIL-R-28667, and as actually performed, :

(3) Yirst Article Qualifi "ation Tests

The humidity qualification requirements for the F-111 Radar were as follows:

1} Humidity Test - The equipmert under test was placed in an environmental
test chamber in a manner similar to service use and subjected to ten of
the steps described below:

Step 1 - The chamber temperature was raised to 50°C (122°F) ducing
a two hour period. with relative numidity in excess of 95°
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The APQ-113 LRUs were subjected to these tests without failures.
and -144 LRUs were not tested, but the test requirements were met by similarity with

T T T R AT T M
- 3 b

Step 2 - The chamber tewperat:re was maintained at 50°C (122°F)
with relative humidity in excess of 95% for 6 hours.
Step 3 - The chamber temperature was reduced to 38°C (100°F)
over a 16 hour period, with reiative humidity above 85%.

Within one hour, following 240 hours exnaaure to the cycles described,
thc equipment was inspected and tested electrically. The equipment
was not operated electrically during exposure to the humidity test en-
vironment.

Humidity in Cooling Air Test - The forced air cooled equipment was
subiected to a 50-hour test during which cooling air at room ambient
temperature with a relative humidity of 100% and containing 39 grains
of free water per pound was supplied. The flow rate of the cooling air
was approximately 125% of minimum airflow required. The equipment
was electrically operated for the last 45 hours of this test, and func-
tional testing was performed every 10 hours.

th: APQ-113 LRUs.

were:

‘The design specification for the APQ-120 rada~ statad that tie equipment should

be designed tc operute satisfactorily in an environment nf 100
air temperature up to 71°C (160°F) including conditions wherein condensation takes place

in and ¢ the equipment. The First Article Qualification Test specification conditions

1)

The equipment to be stabilized at -62°C (-80°F) and held at this tem-
perature for 2 hours. The chamber ambient then to be increased to
85°C {185°F)}, stabilized and held at this iemperature for 2 hours.
The chaniber ambient then reduced to room temperature. Humidity
not to be controlled during this step.

Tﬁe chatuber temy: rature to be increased to T1°C (160°F) during a
2-hour period, with relative humidity maintainad in excess of 95%.

" The chambor ambient maintained at the conditions of 71°C (160°F)

temperature, and relative humidity in excess of 95°F for six hours.

For a'l except unpressurized, forced wir cooled {from the aireraft
supply) aquipment, the ctamber ambient to be reduced at a uniform
rate to 33%C. " The unpressurized, forced air cooled equipment, the
atmbient to be reduced at a wniform rate to ~54°C (-657F). Steps 2.
3, and 4 woere repeated until a total of ten cycles was completed.
The equipgmeix was then to e returned te voom ambient conditions,
and' after remaoval of exeess mobstule by momentirily inverting each
ukil, wns immediately checked for satistactory operation.

% relative humidity, and

i

The APQ-114
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(4) Field Conditions

The field humidity environment is comprised of at least those listed below either
alone or in some combinations, which vary with time,

1) Liquid water contained in the cooling air supplied to the equipment,

2) Liquid water contained in the equipment ambient, for example, in the
form of rain.

3) High relative humidity of the cooling air and of the equipment ambient.
This condition would occur most often at low altitude.

4) Conditions vnder which water condenses from supplied cooling air or
from the equipment ambient, on components and other surfaces, form-
irng a film of water on these surfaces, and in an extreme case, an
accumulation of water which drips from the surfaces,

These humidity conditions may occur with large fluctuations in ambient and cooling
air temperatures and with the equipment either operating or non-operating.

Both radars in the field experienced humidity related problems. "ASD/ENVA
Report APQ-120 Reliability Review” by Col. Bright et al describes the catastrophic
effects of frost on APQ-120. APQ-112?  perienced condensation problems in tke Sync-
hronizer and RTM LRUs after deploym. .t in South East Asia (high relative numidity air
on the ground causing condensing on the cold parts after return from high altitude flights).

Both problems were solved by a redesign of the LRUs.

Another detrimental condition associated with humidity, but also time related, is
the reaction of air pollutants (e.g., aircraft exhaust fumes), contamination, and corro-
sion on the equipment. First Article or Reliability Qualification Test do not attempt to
simulate the effects of prolonged equipment exposure - a real-life field conditions - to

these environments.
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SECTION Vi
FIELD AND PLATFORM PERFORMANCE ANALYSIS

A. INTRODUCTION

This section describes the field and platform* performance of three radars
(APQ-120, 113, -114) which are installed aboard four high-performance aircraft (F-4E,
F-111A, F-111E, FB-111A) presently in the USAF inventory. The data for the study is
based on 66-1 reports and has been extracted from airframe manufacturers' reports,
subcontractors’ test logs, and USAF personnel interviews at the Flight Line, Base Shop,
and Depot level, and covers the time span of one year (December 1970 through November
1971). Data covering the entire contract delivery span was also utilized whenever
available and applicable.

The analysis of this data is summarized in tabular and graphical format, com-
paring various reliability parameters of the respective radars. This section is divided
into several subsections related to the investigation of particular field reliability aspects.
Each analytical subsection is introduced by its objective and summary of findings, fol-
lowed by detailed data analysis.

B. SUMMARY

This section of the study covers the following aspects/overviews of the reliability
of _ach radar after its shipment from the factory:

¢  Evaluaticn of field reliability perfermance in terms of R rate, M rate,
abort rate, and flight hours per maintenance man-hours

@ Relationship of field achieved reliability to specified requirements and
comparison with other avionic equipments installed aboard high per-
formance aircraft

® Comparison of factory demonstruted roliability with subsequent platform
and field performance

® Anzlysis of the measurement result differencas betwcon RQT demon-
strated reliability and 66-1 reported field perfos:mance

® Analysis of experienced EEE parts reliability and distmidction of plai-
form and field failures

*The term "platform’ used throughout this rection denoctes radar operation frcra thetime
of its receipt by the airframe contractor until the delivery of the entire aircraft i the
USAF.
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C. FINDINGS/CONCLUSIONS

il s R RIS

F-111 radars (APQ-113/114) exhibited a 2.5 to 4.0 time higher field R
rate than the F~4E radar (APQ-120) as reported June-Nov. 1971 (RCS
6 LOG K261).

i GO T il

R to M rate ratioc of the radars studied is approximately 3:1.

Mean Time Between Aborts (MTBA) is highest for APQ-114 followed by ;
APQ-120 and APQ-113. Abort rate data is believed to be more influ- g
enced by equipment function than by failure rate. ]

Man-Hour per Maintenance Action figure is lowest for APQ- 120 followed
by APQ-114 and APQ-113. The APQ-113 in the F-111E exhibits a 50%

greater man-hour consumption per maintenance action than the APQ-113
in the F-111A, Maintenance personnal familiarity, aircraft field deploy- :
ment length, base manning levels, and equipment utilization appear to be ;
the most influencing factors,

Generally it was concluded for the equipments studied that:

a) High reliability parts will upgrade field reliability by a factor of
not less than four.

b) Reliability Evaluation Tests have a ten-fold effect on field
reliability.

¢) Environmental preconditioning has a minimum of a five-fold
effect on piatform reliability.

Field data shows no reliability growth on APQ-113/114 and APQ-120
during field deployment.

The F-111 aircraft avionics equipmenis exhibit an R rate equal to 20% of
factory demonstrated MTBF. Similar pattern is observed for avionics
equipments aboard other high performance aircpraft.

Of five avionics equipments surveyed, only the APQ-120 and APQ-109

had field reported R rat=s that exceeded the contract required minimum
acceptable MTBF, suggesting that the reliability requirements had been
underspecified, The APQ-120 MTBF requirement is 10% of the require-
ment imposed on other radars when normalized to parts count complexity.

With the application of approprinte modifier factors, the 66-1 USAF
Data System reported MTBF, hereafter referred to as R rats, canbea
ugeful indicator of equipment's true field MTBF,

The differences between field R rate and factory demonstrated MTBF
can be explained through the application of modifier factors accounting
for differences in RQT aud flight environmental profiles, ON-time
record keeping, and failure dingnostic capability.
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o The percent of unverified ("serviceable") failures can severely penalize !
the field MTBYF if defectives are reintroduced.

® The percent of unverified failures is significantly lower in RQT than in
the field, Primary influencing factors are: (1) AGE capability - simu-
lation of environments and interfaces; (2) motivation to pass the test;
and (3) troubleshooting regimentation.

® APQ-113/114 platform performance shows a decrease of failures with
each successive test level - on receipt through flight - reflecting pre-
conditioning in the factory, to the flight environment., APQ-120 plat-
form performance shows an increase in failures per equipment from
on receipt to in-flight attributed to not having been exposed to similar
preconditioning.

@ The estimated 15:1 cost of failures difference between radars at plat-
form level is attributed to the environmental factory preconditioning
of the APQ-113/114.

PSPy P

® Electrical, Electronic, and Electromechanical (EEE) part failure rates
(replacement rates) at platform and field are lower by approximatzly
one order of magnitude on APQ-113/114 than on APQ-~120, which is
attributed to differences in program parts screening.

AR A

® Contractor performed reliability predictions reflecting failu-e rates
consistent with the quality of material are a good indicator of field per-
formance. Minor disparities could be accounted for by the fact that
predictions are based on part-count failure rate techniques and ignore
workmanship and in-service induced failures.

@ Field part replacement rates on APQ-113/114 did not single out any one
device, The platform replacement rate nevertheless identified transis-
tors and specialty devices as constituting 50% of all replacement. This
- may be accounted for by the difference in environmental profiles between

~ LRU burn-in and flight. :

o Approximately 50% of APQ-120 field replacements are mechanical parts

. and diodes. Diodes are not screened in APQ-120 and mechanical parts
2 possibly indicate a wear-out mode that was not detected during the short

' RQT (30 hours per equipment) nor in the First Article Qualification Test.

E! @ Approximately 42% of APQ- 120 platform replacements are modules and
8 specialty devices, reflecting the effects of first environmental exposure
on these items (encapsulated items).

D. RECOMMENDATIONS

@ For improved reliability measurement consistency and accuracy, estab-
lish and introduce conversion factors into the 66-1 MTBF to account for
actual equipment ON-hours vs flight hours.

GNP I L e s
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Distribute the 66-1 data to all subcontractors to provide them with visi- '
bility of field experienced reliability. .

® Toachieve a higher field reliability, the specified RQT environmental
cycle should be consistent with MIL~E-5400, MIL-STD-781, and ad-
justed only upward when field environments require it, with equal
weighting for cold and hot environments and performance measure- !
ments at each extreme and during temperature transitioning.

o Require environmental preconditioning - equivalent to in-gervice envi-
ronment - for 100% of equipment to detect pattern failures and reduce
platform/field infant mortality failures. Preconditioning should consist
of X cycles with the last Y cycles failure-free.

S e S

® Increase BITE capacity and make it capable of detecting interface mal- L3
functions to reduce the percentage of unverified failures. Furthermore, ‘
provide environmental troubleshooting capability at the Depot and Base
maintenance shops.

@ Limit the "repair' at Base level on sophisticated equipment to replace-
ment of "plug-in" assemblies. Confirm each failure via the "double
substitution" technique.

PETREW Vo

@ Do not allow equipment which has not demonstrated its specified relia-
bility or passed the Environmental Qualification Test to be deployed in
the field ("PASS BEFORE FLY").

® Require material quality to be consistent with TX, ER or MIL-M-~38510
to maximize performance and minimize costs. Do not allow substitution
of lower grade material in field repairs.

Stbieie o el
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E. FIELD RELIABILITY COMPARISON

1. OBJECTIVES :

The primary objectives of this subsection are the assessments and comparisons of
field reliability of the respective radars as reported in 66-1 and expressed in terms of:

® Field reliability expressed in Mean Flight Hours Between Failures,
hereafter referred to as 66-1 R rate.

® Field maintenance rate expressed in Me... «light Hours Between Main-
tenance Actions, hereafter referred to as 66-1 M rate,

e Flight hours per maintenance man-hour (FH/MMH).

@ Maintenance man-hours per maintenance action.

® Abort rate
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2. SUMMARY

Information extracted from 66-1 data system - summarized in Table XXX - indi-
cates that APQ-114 reliability is superior to other radars which were subjects of this
study. It is followed by APQ-113(E), APQ-113(A), and APQ-120, except that both
APQ-113s exhibit & lower Mean Time Between Aborts rate than APQ-120. All four
radars show that the R rate/M rate ratio is approximately 3:1.

TAB.

Having established these values, comparisons are made between the respective radars
in the form of figure of merit ratios (i.e., values normalized to the APQ-120 radar per-

formance). This data will be used to establish trends and to support various analyses
in other subsections and sections.

XXX. 66-1 DATA, APQ-120 VERSUS APQ-113/114

i e e i et i L "_"'-}.2;
e AT LR S b At R

APQ-113(A) * APQ-113(E) * APQ-114

PERFORMANCE FIGURE FIGURE FIGURE

ATTRIBUTE VALUE { OF MERIT *= |VALUE | OF MERIT = |VALUE | OF MERIT =
RATIO RATIO RATIO

R RATE (HOURS) % 2.5 3 3.0 % 4.0

M RATE (HOURS) 8 2.0 13 3.0 16 4.0

FH/MMH .62 L5 0.69 1.7 148 3.6

MTB ABORTS

(HOURS) 1,27 0.7 1,461 0.8 3,317 2.0

DATA SOURCE:
TIME PERIOD:

RCS 6 LOG K261

JUN - NOV 19711

*(A) DENOTES INSTALLATION ABOARD F-111-A; (E) ABOARD F-111-E
 FIGURE OF MERIT RATIO - ALQ X VALUE

3. DATA ANALYSIS

APQ 120 VALUE

The data source for this investigation was RCS 6 Log K261 covering the time
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period of June - November 1971. The maintenance man-hours - used in the co.nputation
of FH/MMH - included scheduled and unscheduled maintenance in the Field, Shop and
Depot. Abort rate was computed using both ground and flight aborts caused by these
radars. No attempt was made to validaie the accuracy of RCS 6 Log K261 data.
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Table XXX summarizes the performance attributes of each radar and shows their
respective figure of merit ratios. A peculiar element is the performance difference
between the F~111A and F-111E radars - which are identical APQ-113 radars - except
for the fact that the "A's" (installed aboard F-111A) are two years older, The reported
difference was considered of no consequence and not radar attributable by the Nellis AFB
(where the majority of "A's" are located) Logistics personnel because the radar LRUs
were used interchangeably between the A and E aircrafts, and were serviced by one base
‘maintenance shop. As will be seen later, the R rate normalization will bring these two
more in line,

Although APQ-113 shows higher R rate and M rate figures than those of APQ-120,
its Mean Time Between Aborts figure is lower, This leads to a conclusion that the
Abort rate is primarily affected by the radar's function and systems integration, more
than by its failure rate (e.g., the ¥F-111 uses its radar almost constantly, with other

aircraft equipments also depending upon it, while the F-4E uses the radar only for cer-
tain mission events and is not integrated with other equipments.

Analysis of Figure 87 reveals good correlation between the MMH/FH ratio and the
M rate figure of merit ratio for APQ-113(A) vs APQ-120 and APQ-114 vs APQ-120 (e.g.,
0.52 = 1/2.0 and 0.22 #1/4,0). However, the MMH/FH ratio for the APQ-113(E) vs
APQ-120 does not track their M rate figure of merit ratio (e.g., 0.50 # 1/3).

RATIO TO APG-120
1.25 2.47 FLIGHT OVERALL

ARG NN I HINE

(F-46) |

APQ-113(A) 0.65 162 0.52 0.65
(F-11A) N

APQ-113(D) 0.63 1.43 0.50 0.58
F-me SN

APQ-114 0.28 0.67 0.22 0.27
(FB-111A) E::]
«—o- OVERALL —
SELIGHT LINE ]
NOTE: 1 2 3
APQ-I13/114 MISSION ESSENTIAL
APQ-120 NOT TURNED ON FOR MMH /FH REPORTING PERIOD:
THE ENTIRE MISSION JUNE - NOV 1971

Figure 87. Maintenance Man-Hours per Flight Hour, APQ-120 vs APQ-113/114

Discussion of this variation with Air Force logistics personnel indicated that many
facets impact maintenance, e.g., equipment utilization, maintenance approach, man-
power availability, work hours reporting/charging, spares availability, training, famil-
iarity with AGE and prime equipments, The most direct explanation for the disparity in
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ratios between the F-111A and F-111E radars may be the fact that the majority of the
F-111E, as of the date of the source data, have been at Upper Heyford, UK, for a rela-
tively short period of'time, and the higher maintenance man-hours may reflect learning

growth.

This disparity can also be gleaned from Table XXXI which presents maintenance
hour statistics for the six-month period between June and November 1971, It is of in-
terest to note that APQ-120 requires the lowest number of man~hours per maintenance
action, probably reflecting the benefits of the longer learning curve and the ease or
accessibility of repair due to more partitioning (e.g., 19 LRUs versus 8 LRUs in
APQ-113). However, a striking contrast of MMH/MA between APQ-114 and APQ-113,
and among the APQ-113 - F-111A vs F-111E - which are essentially the same radars -
points out the drastic effects of maintenance approaches and warrants further study.

TABLE XXXI. MAINTENANCE MAN-HOURS PER MAINTENANCE ACTION,

APQ-120 VS APQ-113/114

UNSCHEDULED NUMBER OF :
RADAR | MAINTENANCE MAINTENANCE | mmu/ | RATIO TO

MANHOURS (X10%) ACTIONS MA APQ-120
APQ-120 255 28400 9.0 1.0
APQ-113(A) 2 1739 13.7 15
APQ-113(E) 7 758 19.4 2.2
APQ-114 6.7 637 10.5 1.2

REPORTING PERIOD - JUNE - NOV. T}

F. FIELD RELIABILITY PERFORMANCE VERSUS SPECIFIED
REQUIREMENT-AVIONICS

1. OBJECTIVES

. The primary objective of this subsection is to compare the achieved field reliabil-
ity versus specified requirement of representative avionic equipments aboard several
high performance aircraft to determine how the radars fit a "typical" avionics per-

formance.

2. SUMMARY

In general, the field rellability of the avionic equipments studied, installed aboard
high performance aircraft, exhibit 20% (Letween 15% and 40%) of their specified and
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subsequently demonsirated MTBF requirement. ‘The M rate is usually 1/2 10 1/3 of the
field experienced R rate, APQ-120 is the only radar, of the five surveyed, meeting or
exceeding in the field its specified MI'BF. Huwever, the specified MTBF for the
APQ-120 is only 10% of that specified for the \PQ-113 for an equivalent functional com-
plexity, This leads one to the conclusion that the APQ-120 relability requirement was
much less challenging or that its field reliability measurement wis unrealisiic.

3. DATA ANALYSIS

To determine if the four subject radars fil into a tvpical performance cf avionic
equipments aboard a high performance aireraft, a survey was made of the reliability
record of F-4D, F-4E, F-111A, F-111E, FB-111 and A-TE avionics equipments.
These equipment:s and their field reliability performance are tabulated in Tahle XXXII.

The F-4D offers a direct comparison to the F-4E, being in most cases identical
equipment, while the A-TE provides a comparison to deployed avionics equipm ant of
latest design and technology. It was generally concluded that the R rate reported by the
66-1 data system for the F-111, F-4D and A-TE avionics equipment is at approximately
20% of specified reliability requirement at 90% confidence, and the MTBMA at approxi-

TABLE XXXII. AVIONICS PERFORMANCE

TQUIPMENT REQUIREMENT | CRALLENGE 8- LNTRF S6-TRTBNA
: MIBF &90% | COMPLEXNTY | F-111A [ F-IHE [#B-111 T F-UIA T F-UME_ [F6 0T ]
FLIGHT CONTROL COMPUTIR 0 13 ) 3 105) ) 1) o
_| FuRwARD L0OKING RADAR ) 0 |2 n " : 1 16
| CANTRAL GOMPUTER %0 X |19 182 ™ n " %
BOMBINAY ST 0 sic | w0 @] 24P - P! v i@ v @
AVOIDANC: RADAR 108 &ich | 4 " s ) 18 1
ALHIMETER %0 wien | s ) ) 10 ") L' As'_‘
LEAD OPT SIGHT w0 ® | nmo fow N ™
T T
\EAD OPT SIGHY ) K |w m ) %
= T
FIRE CONTROL RADAR ' n | ' ) ?
N -
NAVIGATIONAL SYS. COMP. | )0 u\ o ) u]
I| aminneair convurer n o U w LSRRG —
BOM AV COMPHIER » n 109 v n
INIRT AL RAVIGATION m £ M [} 5] ]
=
ANHGRAID ILUC CINTRA 0 w o lw) 2 1) )
I AR
o o 3 3 )
ROMD KAV COMP 0 s | & "
- -
forman \ooung maoar | 1 e | w '
Shohinitbooindoniatill NSNS SEERSASN SN U s .
INRTIAL MEASURDMIKT ST | 48 LRT ‘
5] e oana commn @ wo e N u Mk ]
caPm LR RASAR % re | -
WAD UF Drsmay 2 e [ 4

[LBOAIEG MEOD BALORK W
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mately 10% of the same requirement. In the majority of the cases, these equipments did i
pass a Reliability Test successfully, either the firat time or in subsequent tests, indica-
tive that they possessed inherent reliability capability and that the specified reliability E
requirements were realistic,

It is of interest to note that only the APQ-120 and -109, among the five radars
(APQ-109, -113, ~114, -120, -126) aboard these aircraft, exhibit in the field a slightly
higher than specified MTBF at 90% confidence level. This is associated with an MTBF
requirement that is approximately 10% as demanding when normalized for parts count
complexity to the other radars. This observation may lead one to 2 conclusion that the
reliability requirement for APQ-120 was not as challenging and consequently did not re-
quire employment of high reliability disciplines by the contractor, with resultant low
field MTBF. The observation that APQ-120 R rate exceeded its MTBF requirements is
further contrasted by the fact that APQ-120'S” RQT demonstrated values were below its
R rate and also below its specified MTBF value.

The few equipments that did not fit directly the 20% R rate pattern were equipments i
with either low use when calculated against flying hours, or equipments with high
inheritance/maturity; nevertheless, their M rates generany fit the overall pattern. At
the present, with the available information, it appears that the 66-1 failure/maintenance
categorization may also create this disparity. In some equipment a malfunction could be
corrected by adjustment of controls, minor repair, calibration, and hence be classified
as maintenance action per current 66-1 data system reporting procedure. In other
equipments, where the number of adjustment controls has been minimized, malfunctions
would require replacements, thereby increasing the number of 66-1 reportable failures,
From this data it is concluded that the M rate is directly proportional to the R rate which i
indicates that improvements in reliability can have a direct impact on both the "Failure” ;
actions and the "Maintenance’ actions. When relating failures and maintenance actions,
the s? we precautions discussed on pages 61 and 62 would apply.

G. RQT TO FIELD RELIABILITY CORRELATION
1. OBJECTIVE 1

The primary objective of this subsection is to identify and quantify the basic relia-
bility factors which account for the differences existing between the factory demonstrated
reliability performance and the reliability reported and achieved in the field environ-
ments, for the equipments studiad, so that the effect of reliability disciplines can be
evaluated and reliabillty qualification testitg can be improved, ultimately to result in
improved equipment {ield reliability.

2. SUMMARY

Based on the analysis of APQ-113 and APQ-120 flight-proftle and RQT environ-
ments, RQT and {leld reliability perfornmances, surveys of field repair 2dequacy and
quality, several factorg, which possibly account for over 60% of the differences, were
derived and are listed in Table XXXIL. A

The disparity between measured test and field MTBF is attributed o factors such
as lime hase, failure definition and accounting and stross lovel differences. The test
measurenient is found more precise than the field (or the rcadily identifiable factors
such as time base and failure accounting as the test is conducted under idaal factory con-
ditions. RQT may not, however, adequately forecast field reliability performance f the
test stresses applied are nol represeatative of the field environments to be encounterad,
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TABLE XXXIlI. RQT/FIELD RELIABILITY COMPARISON FACTORS

RELIABILITY

ABLE/UNVERIFIED

! FACTORS DEFINITION NEED
B
ENVIRONMENT:
() FIELD TOTAL MTBF_(HRS) RQT RQT 1S NOT REPRESENTATIVE OF THE TOTAL
by K 66-1 MTBF (HRS) ADJUSTED | FIELD ENVIRONMENT WHICH INCLUDES FLIGHT
g ENV., HANDLING, FACILITIES, PERSONNEL, ETC.
(2 FLIGHT PROFILE FLIGHT PROFILE/RQT INCLUDED INK;. COMPARISON OF FLIGHT
Ky TIME AT TEMP. EXTREMES PROF ILE WITH RQT CYCLE SHOWS SIGNIFICANT
: {PART OF K) DIFFERENCES.
MEASUREMENT:
i TIME RATIO OF AVIONICS POWER | TO ADJUST 66-1 TIME BASE FROM FLIGHT HOURS
Ky TIME TO REPORTED FLIGHT | TOEQUIPMENT OPERATING TIME. TAXI, CHECK
HOURS OUT AND MAINTENANCE TIME 1S NOT INCLUDED.
{2 FAILURE REPORTING 86-1 REPORTED FAILURE BASE | TO ADJUST THE 66-1 FAILURE BASE BY REMOVING
K, 66-1 FAILURE BASE-SERVICE- | ALL SERVICEABLEAUNVERIFIED FAILURES. CAUSE

15 LIMITED FIELD DIAGNOSTIC CAPABILITY.

3. DATA ANALYSIS

Using the data availeble and the Ky and K, factors, identified in Table XXX1H and
quantified in this subsection, the 66-1 data was adjusted upward in Table XXXIV to ac-

count for imprecision in the field data reporting system, permitting a grass estimation
of the degree (Ky) Lo which reliability qualification testing simulates the complete field

environment.

TABLE XXXIV. RQT/FIELD MTBF SIMULATION RATIOS

216

RQUMTGF (HR) 66-) REPORTED 651 MODIFIER 661 ADJUSTED  AVIBF SIMULATION
RADAR ewsicL & pare Rl FACTORS MTBF (MRS RQU/FWLD
W ® 0K - K, D8 O K * D
APQ-1D) 43 u 0l 0o 132 B
&
APO-113
£-11A 152 % RN n.? 1)
APQ-117 152 3 LY .59 s 261
F1E =
APQ-114
F8-111A 1% ® 0% 0.s% 9.0 L3

* IKDICATES ROV & TINES MORE STVIRE [HAN £ 151D EXVIRONMENT.
* INDICATES RO 1.3- 2.2 THAKS LESS STVERD PRAN FLELD ERVIRONAT.
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a. ON-Hours Factor, l(‘

The K modifier of RQT demounstrated, to field experienced, reliability d 2ls with
nower ON-time accumulation. The value of this modifier varies on these radars from
less than 1 to almost 2. This alone double the values of the R rate reported in 66-1
(6-Log-K-261) report. On the F-4E, at Neilis AFB, for instance, the APQ-120 radar
is utilized on less than 907% of flights and, when utilized, is not left on during the entire
mission; on the F-111 A/E, the APQ-113 is turned on immediately and is left on during
the entire mission, including taxi time, Also to consider are the maintemance shop ON-
hours which constitute a substantial share of ON-hours over and above flight hours.
Similarly, flight line "ON-EQUIPMENT" testing adds to the total ON-hours.

Because the Elapsed Time Indicator (ETI) recording is not a 66-1 requirement,
even though each radar is equipped with an ETI (on the APQ-113/114 all LRUs have one),
the actual ON hour statistics are not available. Nevertheless, at Nellis AFB, the 474th
TFW Maintenance Shop had maintained individual LRU records, by serial number, with
ETI recorded both in and out of shop, that showed the total power ON-time was 1.5 to
1.8 times the total flight time for the APQ-113 (most of the F-111As are located at
I;Keuis AFB). For the APQ-120, a previous Reliability study had assessed this factor at

1

b. Diagnostic Capability Factor, Kr

Anuvther modifier factor developed, Kp, accounts for the high percentage of ser-
viceable (i.e., unconfirmed failures) items whivh are attributed to the degree of diagnos-
tic capability and quslity of fietd troubleshooting/ failure deteetion activity. K is based
ou the fullowing methadology sapported by field experience.

Flight MTBF, reported in 66-1, is computed by using the following equation:

Flight Hours

MTBF = SRty o & C Tormnvals - Quantity of Serviceatios {3)

where the term "servicesbles™ applies to those removed items which could not be Juplis
cated or cenfirmad as “hand fadlures™ - e g, glitches, or intermittents. environmen.
tally induced problems or interface prublems.

Now, the R rate aumber a8 reported in BCS 6-Log-K-28! is lower than (hat com-
petid by us.ag the raw nambers of Tlight baurs, quaatioy of renovals and guantity of
“serviceabies” reporied in RCS 3-Lop-K.261. This ditlercace cay be partiaily
attributed to the established computsrized methods and data vontrals, which requite 3
“mateh” Botwesn 2 removal action and a gerviceahle actioy, Belore the Vceonsorship™
{subtraction) is exeouted. For the purposes of s study. $t w2¢ considend eseeatial
that all serviceable actions be considered and counled. Table XXXV prescnts the dats
and estzblishes a value for a K r‘ factor.

Another influence for the understaled R rate number is the "spparest” ropair at
the LHU level, accomplished through replacement by a spare stlassembly. with subse-
guent dizgnosis of the removed scbassembly as “serviceable™ at the Jower echelon
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TABLE XXXV, 66-1 REPORTED MTBF 6-LOG-K-261 VS 5-LOG-K~261,

APQ-120 VERSUS APQ-113/114
5-L0G K 261

A B . c D 3 K,'
FLIGHT #REMOVALS | # SERVICEABLES | COMPUTED MTBE | 6-1GG K261 | D~

RADAR HOURS (T-D A REPORTED 3

(B-C) MigF
APQ-120 203270 22750 70 13.5 1 1.2
APQ-II3A) | 26020 1106 305 2.5 2% 123
APQ-I3E) | 20200 704 11 3.0 £3) .06
APQ-114 17487 4 74 9.8 8 1.08
J

REPORTING PERIOD DEC. ‘70 - NOV. '71

repair level. The error i1 this case is compounded, first by not "cens. ring-out" a
"serviceable" unit from the removals count; second, this is indicative that the original
cause of the malfunction has not been corrected and "exists" either elsewhere in the
LRU or in {he *'serviceable-diagnused” subassembly. In practice, this item will be
returned to service-use and cause anotiier malfunction in the future, which will possibly

be scored again as a failure.

To account for these discrepancies, a modi*ier fi.ctor, K," has been estublished.
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The K," factors for both radars were computed from the field and factory repais data §

and are tabulated in Table XXXVI. !

iA

TABLE XXXV1. PERCENT SERVICEABLE DISTRIBUTION IN FIELD & FACTORY !

R&GR, APQ-120 VS APQ-113/114 2
i3

PERCENT SERVICEABLE K
LRUS ASSEMBLIES
BASE + DEPOT| R&RAT | BASE » DEPOT | R&R AT LA
RADAR (W {FACTORY(B) (© FACTORY 101 [A+8+C+0 | TXASE+C-D) g
APQ-120 31.2 - %6 - @8 116
APQ-LIBAL | 240 2.4 L 2.2 &) 1.8
APQ-113(E) 1.5 33 6 2.0 8.4 1.&
APQ-114 18.0 23 | 6 2.7 0.6 | L&
REPORTING PERIOD DEC. '70 - NOV. "I -
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Using the values of K,' and K" for the respective radars the field repair/factory
modifier factor Kr can ve computed using the following expression:
L. Kr' . Kr" (33)
It is of interest to note that a close correlation is obtained for the APQ-120,
APQ-i13(E), and APQ-~114 radars where the values of K are 1.42, 1.55, 1.58
respectively.

The value of K. for the APQ-113(A) is 1.8, thus modifying its R rate to a value
matching the R rat2 of APQ-113(E) (e.g., 47 to 51 hours respectively versus the pre-
viously reported R rate in the 6-Log-K-261 report of 26 and 33 hours), narrowing tie
reported 27% difference to a mere 8%. Also to be noted is that the reported Nellis AFB
{F-111A) serviceable rate is 37%, as extracted from the 474th TFW TAC K18 reports,
which surpasses the rates published in the AFLC reports for the entire APQ-113 -

F-111A - force.

Further analysis of the "serviceable” or "unverified” pattern is portrayed in
Figure 88. The high percentage of "'serviceable” (unverified) items in the field com-
pares closely with the "'platform" and "factory" percentage. This is explained by the fact
that as complexity increases, the diagnostic accuracy decreases, and the additional
aircraft interfaces complicate the verification process of a failure.

In RQT however, the percentage of "\mveriixed” fallures drops down drastically.
APQ-113/114, for instance. experiences a 43.4% unconfirmed malfunction rate in the
field as compared to 6% in RQT. The same comparison for the APQ-120 contrasts a

40. 8% figure in the ficld with 5% in RQT.

\

- IN PROCESS %
APQ-120 