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Shoup of Boeing [47], shows how the percentages of the total failures in
each separate equipment category of electronic, mechanical, and electro-
mechanical systems vary over a 24-hour aircraft mission period. It is
evident that these failures are not constant, i.e., haphazard, and do not
follow the exponential law usually assumed.

On the basis of such evidence, we must reconsider present practices of
treating failure rates as constant, and recognize the facts and reasons for
high initial failures in aircraft missions. Horn and Shoup estimate that the
transient stresses of take-off account for 15 to 20 per cent of the differences
between early failure rates and those occurring later in the mission. Shocks
of starting up equipment (more fully investigated in an ARINC study [49]),
and those due to rapid environmental change, which produce increased
electrical, mechanical, and thermal stresses, may cause 35 to 45 per cent of
the difference. In addition, 25 to 35 per cent of the difference may be due to
the belated effect of prior maintenance actions [47].

In the RCAF use of the reliable AN/ARC-552 Radio Set, shown in Fig.
12, failures in short-mission fighter aircraft are four to five times greater
than in transports but are only 30 per cent more in maritime reconnaissance
aircraft. Obviously, to obtain the facts and to control reliability perform-
ance, we must employ failure-reporting and analysis methods that break
down failure data relative to time during the mission.

DESIGN FOR RELIABILITY AND MAINTAINABILITY

Good design concepts for effective systems of any type must be based on
a proper foundation of operational research and formulation of minimized
requirements [50]. To supplement production and design review proce-
dures, there is a large body of reference and guide information available
from the technology developed in the electronics, missile, and space fields,
although little of this is to be found in current theoretical textbooks on
reliability. Design techniques for protection from climatic, vibration and
shock stresses have become generally known [51] even for space environ-
ments [2], but adequate knowledge of thermal engineering is not yet
universal among electronics designers. References are given for treatments
of design areas that cannot be covered here in detail, including connections,
soldered [54], welded, and wrapped [55]; cooling [52], design review (2],
human factors [29] and the philosophy of man in the system [53], main-
tainability [2,36,56], modularization [57,58], packaging [51], process and
quality control [11], production operator training techniques [59], re-
dundancy [2,60], testing to AGREE requirements [61], testing—auto-
matic [62], testing to failure [63] and unattended operation [64].

Several military design guides are available [64-70)].
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Figure 12. RCAF AN/ARC-552 UHF radio set and separated modules. (Collins Radio Co. Photo.)
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TESTING LOW-FAILURE-RATE PARTS

It can be seen from Fig. 10 that large systems will require very low
failures, or corresponding high reliabilities, in individual parts. Not only
failure rates of 0.0001 per cent per 1,000 hours for the Minuteman missile
electronic parts, and still lower rates of one-tenth of this ultimately for
space travel, but even rates one hundred times greater, impose difficult-to-
impossible testing problems in terms of cost, time and effort. In place of a
more general mathematical appraisal of the problem, perhaps, the example
of the Atlantic Telephone Cable System will illustrate the point. To assure
a 90 per cent probability of no failure of the 6,000-part system over a 20-
year period, the part failure rate must be less than 1 per million per year.
Testing of this single system would require 400 years to establish this fact
[71]. Much recent study has been applied to statistical testing procedures to
minimize the testing effort; and early hopes of substantial shortening of
test time by accelerating failures through high stresses have not produced
very effective solutions. Use of tests to destruction to determine modes of
failure, to increase strengths through redesign, and to reduce the variance
in strengths, when combined with the application of engineering judge-
ments appear to constitute the most promising approach to this fantastic
design problem [63].

MECHANICAL SYSTEMS

In aircraft and vehicular design engineering practice, use has been made
of safety factors and safety margins based on a knowledge of product
variability in performance under stress.

Some investigators have applied the techniques and mathematical
assumptions about failure distributions derived from the electronics field
to systems involving mechanical, pneumatic, hydraulic, and structural
components, and especially to missiles. Others have denied the validity of
this [9], or generally distrust failure prediction and statistical analysis
techniques [72]. Similarly, their applicability to chemical products as in
solid rocket engines has been questioned [73]. Undoubtedly, suitable
modifications in techniques must be made to recognize the greater effects
in the mechanical field of wearout. These are radically different than for
electronic parts, for which only 4 per cent of the total failures are attributed
to wearout. For normal mechanical wearout, the mean life occurs where
there is a 50 per cent survival, not 36.8 per cent assumed for electronic
devices following an exponential distribution; also the variance of the
failure distribution around the mean time must be known as well to
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evaluate the performance statistically for prediction use. A gaussian or
normal distribution of mechanical failures has been generally assumed, but
it is reported that a symmetrical normal distribution is rarely observed in
field failures; and, where the data are obtained solely from reporting of
removals, they are most closely approximated by the exponential rela-
tion [74]. Mechanical and electromechanical components in vast USAF
communication systems have quite different failure responses than elec-
tronic parts, and are responsible for 89 per cent of the total operating
failures [75]. Use of the exponential is justified for missile systems with
short part-usage time [76], while several studies advocate for mechanical
systems the use of Weibull functions [47,74-76] and of prediction tech-
niques based on mechanisms of failure [63,76].

Figure 11 shows that it is mechanical systems, rather than electronic
systems, that have nearly constant failure rates during an aircraft mission.
Various studies indicate that dynamic mechanical parts have the shortest
life expectancy; next are thermomechanical (such as engines), pneumatic/
hydraulic, electromechanical, and then come electrical and electronic
parts with the highest life expectancy [13,23,43].

We have been accustomed to treat as negligible those mechanical
failures occurring within the initial time period, which is only a small
fraction of the time to normal wearout. These may have rates which may
be as small as 1/100, 1/1,000, or even 1/10,000 the rate at the peak failure
period. In complex systems requiring very low part failure rates, this
low-rate, haphazard or exponentially related failure component cannot
be treated as insignificant.

Mechanical failures have been shown earlier to be a large factor in air-
craft systems. In missiles, up to 60 or 80 per cent of all failures have been
attributed to mechanical devices. I would stress that, if current rates of
improvement in electronic systems continue as predicted, the chief stum-
bling blocks to mature designs may well become the mechanical portions
of aircraft and missiles, unless there is a parallel concentration of attention
on this field comparable to that in electronics.

Technical papers concerning the reliability of electromechanical and
mechanical equipment have appeared occasionally since 1959 [76,77,78].
Attention to this field has increased considerably this year, extending the
limited failure data accumulated in the avionics and electronics fields, and
also considering the relationship of the factors of time, temperature, speed
of rotation or translation, bearing load, ete. [77].

Estimates of the hourly failure rates of components of hydraulic flight-
control systems vary from a few parts per million for lines and fittings to
360 for actuating cylinders [78], and corresponding mean times to failure
vary from 200,000 to 1,200 hours in U. S. Navy fighter aircraft.
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Since 1958, several flight-control-system reliability projects have been
sponsored by the Wright Air Development Center of the USAL for which
reports are available through official channels. A 97 per cent reliability re-
quirement has been specified for the flight-control system of the B-58
aireraft, and mean-times-to-failure or other overall reliability require-
ments have been specified for the B-58, F-106, and F-108 aircraft flight-
control systems and flight and engine instruments.

CONCLUSION

This presentation has not attempted to cover many management aspects
of the subject. However, it seems fitting to remind you that, given adequate
design capabilities, the final system effectiveness will depend upon pro-
curement practices and policies. Systems effectiveness assurance should
not be relegated as the sole responsibility of designers and quality control
engineers, important though their parts are in the team effort. It is not
technological problems but management difficulties that experience has
proven are the chief deterrents in most programmes [79].

My final suggestion is to expedite aerospace system effectiveness pro-
grammes by military-industry cooperation in joint studies and committee
discussions. The value of this has been proven in the electronics field, and
the well-known “AGREE” Report on Reliability [80] is an example of
such joint achievements.

Where not credited otherwise, the opinions expressed in this paper should
be interpreted as the author’s and not necessarily those of the Royal
Canadian Air Force.
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