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REVIEW OF LESSONS LEARNED IN THE MERCURY PROGRAM
RELATIVE TO SPACECRAFT DESIGN AND OPERATIONS
Introduction

The papers presented so far in this session have describved
speclfic measures tasken in preparing the launch vehicle and spacecraft
for Mercury missions. The purpose of the present paper is to review,
in somevhat more general terms, some of the more significant lessons
learned in the Mercury program, to see where changes or additional
measures may be desirable in future programs. (Slide #1)

The lessons that have been lesrned fall broedly into two main
areas, the flrat applying to program plamning, the second to detailed
design.

Lessons with significant implications as to program planning are
indicated in this slide.

Flexibility to Absorb Change

In this area, perhaps the most important lesson learned is that
deslgng, procedures, and schedules must have the flexibility to
absorb the steady stream of changes that will be generated by a
continuelly increasing understanding of space problem, and by equipment
maifunctions that will occur during system development *E;ating. |
Reliability, quality control, menufacturing, and procurement plans

Abstracts may be published without permission if ¢redit is given to the author and to AlAA,




-2 -
must all be set up with full recognition of this requirement for
continual hardware change.

This requirement is a consequence of the rapid advance of our
space flight capability. We must undertake detailed design of
spacecraft for the next program long before flight experience from
the preceeding program has been digested and disseminated. Under
these conditions, we are sure to make incorrect design decisions
that will have to be corrected before flight.

Equipment malfunctions will algo occur, particularly during sub-
system development testing. In manned flight we must regard every
malfunction, and, in fact, every observed peculiarity in the behavior
of a system as an Important warning of potential disaster. Only
vhen the cause is understood and a change to eliminate it has been
made and verified, can we proceed with the flight program.

The problem here is one of shortening the failure analysis -
corrective action cycle. The conventional procedure of sending the
failed part back through the contractor and sub-contractor to the parts
vendor for failure analysis has proven to be completely unsatisfactory
for our programs. To the maximum extent possible, failure analysis and
decisions as to corrective action should teke place immediately at the
scene of the failure, where there is the best opportunity for accurate

determination of the pertinent facts. Contracts and purchase agreements
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with component and parts suppliers should provide that the services
of their engineering staffs will be available on call whenever
required for this purpose.

Subsystem Segregation

One way of increasing the flexibility to absorb change is by
subsystem segregation; that is, by designing from the start to

minimize the interactlions between subsystems. In accelerated programs

such as Mercury, it is absolutely necessary that the various subsystema

be developed concurrently by widely separated groups of specialists.
If the subsystems can be designed to be completely independent of one
snother, their development testing, end &ny redesign resulting from
it, can be completed before assembly of all the subsystems into the
spacecraft for integrated system tests.

If the subsystems are designed to be highly interdependent, no
matter how carefully the activitles of subcontractore are coordinated,
it is almost a certainty that difficulties requiring substantial re-
design will be encountered during the integrated system tests. At
this late stage in the progrem, design changes have much more serious
effects on cogt and schedule than would gimilar changes at an earlier
stage.

The most likely area for trouble of this sort is in electrical

systems where, for example, time delay devices and programmers have

been very geriously affected by the electrical transients which result




-h -

from actuation of pyrotechnic devices. Another major trouble area of
this same type has been the adverse effects on equipment of heat
generated in adjacent equipment thaet was designed without adequate
attention to safe disposal of this heat.

Quality Control

The quality control problem involved in the production of our
early spacecraft is quite different from that encountered in the past
with aircraft or missiles. The differences arise from the high overall
cost of each space mission, the small number of spacecraft to be pro-
duced, and the constraints sgainst testing the flight articles.

The problem is to produce, as quickly as possible, five or ten
articles that will operate perfectly the first and only time they
are used, rather than to produce, as cheaply as possible, thousands
of articles that will operate with an economically tolersble inci-
dence of fallure.

In meny quality control asreas this difference in the nature of the
problem must be reflected in & marked difference in procedures and
attitude. For example, inspeciion procedures must be designed to locate
and reject every defective or marginai part without regard for how
many good perts are unnecessarily rejected in the process.

The amount of proof-testing that can be performed on the actual

flight articles is limited by the large numbers of one-shot and

limited-1life items in the various subsystems end components. In the
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case of items such as the heat shield, escape rockets, explosive
separation devices, explosive disconnects, igniters, etc., the actual
specimen to be flown cannot be tested at all. Items such as fuel cells,
ablative nozzles, parachutes, and lsunch vehicle engines can be given
only limited tests, under conditions that are not truly representative,
and then only &t considerable risk that the tests and their aftermath
may introduce more flight failures than they prevent.

The operating philosophy that has evolved to meet this situation
is based on the ldea that randomly selected samples of components can
be subjected, in a so-called qualification test program, to appropriate
environmental, reliability, and overstress tests with complete confi-
dence that the results of these tests will apply to the remaining
articles installed in the flight vehicles. This confidence ig
Justified only if all supposedly identical parts from which the compon-
ents are assembled are truly ldentical. Identity in the sense required
by this phllosophy cannot be fully established by inspection and
measurement alone. Features that eventuslly turn out to be important .
in governing susceptibility to failure often are unrecognized or
inadequately defined by inspection or measurement at the time of
manufacture.

To achieve a degree of control over whatever unknown or indeter-

minate influences may exist, all components requiring certification

through & qualification test program should be made up from sets of
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parts vhose members have been produced consecutively on the same
assembly line without an intervening change in design, process, or
materials.

It is also necessery that the parts be identified as members of
the set and that records show the locetion of all partes in a set.
Whenever failure of a component under test reveals s defect in a
part it i1s essentlal to locate and remove immedistely all similar
parts from all flight articles. Very strict control over parts identi-
fication and use is necessary to insure that all suspected parts,
wherever used, can be readily located for removal and replacement.

Configuration Control

Closely related to the problem of quaslity control 1s the problem
of configuretion control, that is belng certéin that the space vehicle
at the time of launch contains only fully qualified items. The large
number of widely separated and more or less independent groups respon-
glble for the various steges, systems, subsystems, and componentg of
our space vehicles mekes it an extremely difficult task to prevent
the introduction of supposedly unimportant design changes that all too
often turn out to have an adverse effect on the safety or success of
the misslon. The difficulty arises most often at the component or parts

supplier level, where the spacecraft components are only & small part

of the supplier's output and he has no close association with their




-7~

ultimate use. There is a definite need for improved procedures to
guard egainet these "sneak" changes.

~ There is 2180 a need for very special procedures to prevent inad-
vertent re-use of parts that have at one time or another shown symptoms
of trouble, but cannot be made to repeat the symptoms. Unless con-
clusive evlidence can be developed proving that the test setup was at
fault these parts cannot be accepted for re~use until they have been
completely rebuilt in such a way as to positively eliminate all
possibility of repetition.

Quantitetive Reliability Assessment

In the courge of the Mercury program a pubstantial effort was made
to determine the usefulness of conventional techniques of quentitative
reliability assessment in manned space flight programs. An attempt was
mede to get an overall estimate of the reliability of the Mercury space-
craft by using mathematical models of the subsystems together with
failure rate data derived from our own actual test experience on the
system parts end components.

In general, the results were not satisfactory because the sppli-
cability of the fallure rate data was always highly debatable. I%
is a basic ground rule of our approach to manned space flight that
a fallure during development and preflight tests must always result
in a corrective action designed to eliminate all possibility of

repetition of thaet particular type of failure. Hence, past fallure
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data never applies directly to current articles.

In Mercury, the random or statistical type of failure that
prédominates in fully developed parts has been much less of a problem
than has "built-in" or "early development" type of failure that arises
from design errors, interaction effects between parts and components,
unanticipated environmental effects, or errors in estimating
environments.

Virtually all our flight difficulties to date have been in this
early development category. Most would have been detected and
eliminated before flight if the ground test techniques and programs
that were ultimately devised had been available earlier.

As 8 result of this experience, our feeling as to the role of
numerical reliability esssessment in manned space programs may be
sumarized as follows:

To insure that adequate attention is directed to reliability
in the design stage it is desirable to specify sn overall numerical
reliability goal. This goal should be apportioned or budgeted
through a mathematical model down to the various subsystems and
their components. The subsystem designer should be required td
show that his subsystem is capsble of absorbing the expected

number of random or statistical type failures of parts without

serious consequences or without exceeding his reliability budget.
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Beyond this point the usefulness of formal quantitative
reliability assessment procedures is debatable. On the basis
of our experience the most effective approach from here on is to
concentrate on establishing a vesting program that will assure
detectiocn and correction of all the "built-in" sources of
system failure before flight.

Detailed Design

On the next slide (Slide #2) I have listed some of the major things
that Mercury has taught us relative to the technical problems of space-
eraft design and operation.

Pilot Performance

The most significant finding in the Mercury progrem tc date has
been the convincing evidence that the pilot can function effectively
in the space environment, end that ground training devices and
simulators can provide & reslistic evaluation of the effectiveness
with which he will be able to perform various tasks in flight.

This demonstration that the space environment does not degrade
pilot proficiency 1s extremely important to reiiability. It opens up
the space flight field tc the tried and proven airplane approacn of
heavy reliance on the pllot for detection of malfunctions, and Tor shut-
down and switchover to back-up systems or alternate modes of operation.

The pilot's next most lmportant Suncticn in space Flight will be in

establishing and maintaining the attitude of the spacecraft, particularly
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during the critical periods when its velocity is being changed by
application of thrust. Mercury flights have demonstrated that the
pilot can successfully determine spacecraft attitude by visual means
on both the light and dark sides of the earth and that the angular
velocities developed in prolonged drifting flight are neither of
appreciable magnitude nor disturbing to him. -

The ability of the pilot to tolerate long periods of drifting
flight is particularly significant because of the critical importance
of minimizing the use of reaction control fuel. Optimum management of
reaction control fuel is emerging as one of the most important require-
ments for successful space flight. The Mercury experience tc date has ‘
indicated that direct manual control over the reaction control thrust
nozzles is apt to be quite wasteful of fuel. Indications are that the
ultimate system for spacecraft may be a command type control system
where gome form of autopilot fires precisely measured and timed pulses
to produce commended rate or sttitude changes.

There is an obvious need for research on both the control power
and response required ir spacecraft and on the mechanization of control
systems tc meet these control requirements with minimum fuel use.

An assoclated urgent requirement for future spacecraft that has
been brought out in Mercury experience is provision of more accurate
and reliable indications to the pilot of fuel usage, both rate of use

and quantity remsining.
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Although experience in Mercury has been limited to management
of attitude control fuei, similar considerations can be expected to
apply to management of velocity-changing fuel in rendezvous, orbit
correction, and lunar landing maneuvers.

Zero g Environment

Probably the most insidious hazard to reliability associated
with the space enviromment is the possible effect of zero g on
spacecraft equipment that is not completely free of debris. In orbit,
every void in the spacecraft from the pressurized cabin itself down
to the interior of a transistor or relay, including all gas and
liquid tanks and lines, becomes a region where debris that would
normally be held fairly securely in place by the earth's gravitational
field now floats freely about under the influence of magnetic or
electrostatic fields, fluid currents, or surface tension forces.

Under these conditions filters and screeng become imperative
in all liquid and gas systems to protect close tolerance valves, ori-
fices, or impellers. Indeed the most obvious manifestation of the
phenomenon in Mercury was the stoppage of the unsereened cabin ven-
tilating fan vy debris in two of the early unmammed flights. This debris
was present despite clean~room febrication of the spacecraft, plus s

very intensive effort to clear it of debris by repeatedly inverting and

tumbling it.
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Obvious protective meassures also require complete elimination of
exposed electrical contacts anywhere that sufficient debris could exist
to short them. There may conceivably be still more subtle effects,
however, where interactions between electrostatic and magnetic fields
and accumulations of floating particles may have significant effects
on equipment operation: Since these phenomena, if they exist, cannot
be reproduced on earth, & great desl of imagination may be needed to
visualize the nature of such problems and to determine the protective
measure required. The brute-force solution of perfect cleanliness
seems, from past experience, to be unattainable. In any event, it
will become more difficult as we move toward micro-miniaturization
where smaller and smaller particles of debris become capable of shorting

out the more closely spaced electricel paths. i

Heat Balance |

The problem of removing heat from equipment in spaqecraft has
glven s great deal of trouble. Internal heatv gernerating equipment
such as inverters requires special attention because the reduced
density of the cabin oxygen atmosphere and the lack of natural
convection under zero g conditions inhibits convective heat transfer.
Careful design is required tc provide adequate forced convection or
conductive heat paths to transfer the heat tc points where it can be

rejected to space by radlators or evaporative coolers. External

equipment, notably the nozzles of the reaction control system, has
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given trouble for the same reason., The vacuum environment eliminates
all convective cooling of the nozzles. Special attention is required
to prevent heat left in the nozzle walls after each pulse from lesking
back by conduction up the propellant feed lines, with adverse effects
on the propellant or the solenoid valves that control its flow. A
very thorough and cereful analysis of the heat flow and temperature
conditions in all equipment is an important design requirement for
Tuture spacecraft.
Structural Deformations

Because of the requirement for lightness launch vehicle tanks,
adepters, and the spacecraft itself are all susceptible to rather
large distortions under load. During the atmospheric phase of flight,
dynamic pressures approach 1,000 pounds per square foot at Mach numbers
in the transonic speed range. Under thege conditions fluctuating
pressure distributions may produce rather severe buffeting loads and
fluctuating wekeg. Early in Mercury development flights we ran into
several cases where structural reinforcement or redesign was required
to prevent failure, or where increased clearances had to be provided to
reduce the risk of interference or damage under load.

It is not feasible to duplicate the flight conditions at full

scale with ground equipment, nor is it feagidle to build up graduslliy

to these flight conditions in a series of manned flights. Hence, each
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new space vehicle configuration will require at least one unmanned
flight to provide verification of structural integrity under the
conditione encountered in the atmospheric phase of flight.

Distortion and vibration that might not otherwise be harmful can
be disastrous if they trigger limit-switches that are used to sense
separation and initiate automatically subsequent steps in the flight
sequence. The best protection from trouble of this sort is obtained
by designing separation sensors to require travel bBeyond any possible
structural deformation before actuation, and by requiring confirmation
of separation by two sensors before activation of succeeding steps.

Experience shows that space vehicles, as they reach the launch pad,

e : do not always agree exactly with The original design. Adequate in~-
spection procedures mist be developed and the necessary inspection ports
must be provided to insure that the design clearsnces asctuaily exist
in the vehicle to be launched.

A final point that is worth mentioning because 1t has been toc
often overlooked is that the high rate of Gecrease of ambient static
pressure that occurs during the boost phase of flight require special

attention to the venting of sea level air trapped in adapters, shrouds,

external eguipment bays, and expcsed equipment.
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Preflight Checkout

A significant lesson from the preflight checkout area is that
equipment must not only be desighed to operate, it must also be -
designed to be checked to verify that it is operating or ready to
operate, Unless a great deal of thought is given at the design stage
to the requirement for checking, we end up as we did in some cases in
Mercury, with systems that cannot be checked without incurring the
hazards that are always associated with breaking into plumbing and
electricel circults.

Future programs could profit from this experience by devoting
increased effort at the design stage to location of equipment for
servicing and easy removal, by providing adequate filling, draining, and
flushing ports for fluid systems, with planned accessible pressure taps
for preflight checking, and by increased attention to the design and
location of electricel disconnect points.

Lesking and Sealing

Another problem that has given a great deal of trouble in Mercury,
and will demaend even greater attention in future spacecraft, is the
problem of leakage. The weight limitations of spacecraft tend to force
the use of extremely high pressures in onboard gas systems. Components
of these systems such as pressure regulators and shut-off valves have

been particularly prone to leaksge problems. In Mercury the hazardous

character of any leakage from the reaction control fuel systems and the
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corrosiveness of the H202 fuel has made the assembly snd maintaining of
plumbing in this system a very serious problem. Not only have extreme
measures been required to prevent leskage at joints in piping, but also,
special provisions have had to be made to drain overbosrd any leakage
that might occur past seals in valves.

Maintaining the gaseous atmosphere within the cabin itself is no
simple problem. It greatly complicates the design of the hatches
required for normsl or emergency egress. The combined problem of
leskage and welght attracts designers to use of explosive systems that
merely blow off portions of the existing structure for emergency egress.
The difficulty with this solution is the potential hazard of inadvertent
actuation of the explosive either through humen error or through some
unforeseen environmentel factor not covered during qualification tests.
It ig, of course, éxtremely difficult to duplicate in ground qualifi-
cation tests the combined heating, vibration, and vacuum environmental
history of a full scale explosive hatch on a deep~space mission.

Conclusion

In summary, the experience gained in the Mercury program has

Indicated é number of afeas in both progrem planning and spacecraft

design where additionsl measures beyond those adopted in Mercury are

needed if we are to achieve the level of success or safety we want in
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the more sophisticated missions to come. These measures ere being
incorporated into future manned progrems. The Mercury program to date
has not uncovered any insurmountable technical problems that would

block men's progress into space. This, perhaps, 1s its most important

Jesson.
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