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PREFACE

This Memorandum is a continuation of RAND's study of research and

development management. t addresses the area of novel and zdvanced

propulsion systems characterized by high estimated development costs,

deficiency in technologiczl éZata, and usuzlly an absence 9f an appli-

cationr requirement. It discusses management pelicies for reducing risk

when the capability and utility cf proposed engines are uncertain.
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SUMMARY AND CONCLUSIONS

Major proposals for engine development now fall largely intc two
categories: (1) advanced conventicnal engines with performance speci-
fications clesely coupled to discrete missions, and (2) novel engines
of a kind not previously developed and for which crucial design data
are lacking. These major propcsed developments are in general very
expensive, and there is, in meny cases, no associated approved mission
requirement.

This Memorandum discusses how R&D funds should be manzged to re-
duce iavestment risk when the capabilities and utility of proposed en-
gines are uncertain. With respect to funding management, R&D activities
are described in detail to emphasize (a) the design-data-acquisition
process that occurs during research and the initial developmental phase,
and (b) the extensive ad hoc performance tailoring and defect elimina-
tion rarrowly related to specific hardware that characterize much of
the later stages of the developmental process.

A broad program at the frontiers of science to reveal and apply
new methods of obtaining thrust and power is in general advisable;
however, the effort in each case should initially be focused on the
crucial primary problems, and only after some success should the pro-
gram be erlarged to include ancillary problems.

Many more systems will be investigated at the research and ex-
ploratorv-engineering level than will be found worthy of advancement
into the development phase, hence a review point should be definiteiy
programmed to decide on whether the effort should be curtailed or ad-
vanced before a major investment is risked. Furthermore, plans for
establishing expersive laboratories should be based on a troader pro-
gram than just the support of an advanced engine of uncertajin merit.

Cost-effectiveness and mission studies concerning a proposed
novel engine, although necessarily rough and in nezd of judicious in-
terpretation, should nevertheiess be made early to guide establishment
of the scale and scope of the associated R&D effort.

When the application prospects of a novel engine are uncertain,

major emphasis should be placed on acquiring properly documented




design information. On the other hand, the extensive and costly tailor-
ing and fizing that characterize the process of obtaining a developad
article should be avoided.

Engine R&D is, of course, too complex to be completely adjudicated
by a few simple rules. Good judgment may favor the full development of
an engine, particularly when it promises a unique performance capability,
even if official approval for the associated mission cannot be obtained;
however, the following criteria should be met before the engine quali-

fies for consideration:

1. The engine promises major improvement in future missions of
credible merit.

2. The required design information is on hand.

3. A practical initial application has been analyzed and a set

cf engine performance requirements is available for orient-

ing the objectives of the initial development.

in the development of an advanced enginz containing critical prob-
lematical components (i.e., components on which essential design infor-
mation is lacking), the initial R&D effort should be focused on these
components, with major emphasis on systematic and complete data acquisi-
tion. And only after some established performance goals have been at-
tained cn the problematical components should the program be enlarged
to encompass the complete engine and to advance into the developmental
phase.

In the absence of an adequate developmental program, the early
scheduling of flight-test programs poses an unwarranted investment risk.
There is a high probability that flight tests, even if successful, will
provide little design information and that the usual extensive ground-
test program will be required ir any event.

The history of the Aircraft Nuclear Propulsion System is reviewed
for the instructional value that it might have for future R&D planning.

The advisability of the following was indicated:

L. Avoid large investment risks in concurrent development of
well-understood but expensive items (e.g., the turbojet engine in the
ANP project) while uncertainty attends the capability »f the novel cru-

cial problematical component (e.g., the ANP reactor).
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2. Consider in the early R&D planning on a novel engine with an
estimated development time of more than a decade that major changes
may take place in the mission-application concepts for this engine
during this period. (Thus early commitment to engine performance re-

quirements that increase investment risk may not be advisable.)
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I, INTRODUCTION

In the period through World War II and up to about the mid-1950's,
the major propulsion-system developmental effort was appiied to recip-
ro-ating engines and then turbine engines. The cost 5f development of
the initial engine of each type was small, and there was an cbvious
continuing requirement for more powerful and better engines. The basic
scientific phenomena were in the main well understood, a2nd there was 2
growing engineering background in materials, structures, cooling, coa-
bustion, and fluid-fiow information to permit a continuous improvement
in pericrmance parameters. The contracting agency, striving coatin-
ually to improve weapon systeas, usually asked in each new contract
for z— advance in engine performance. The contractors likewise in
their competitive zeal tried to push performance parameters, like spe-
cific weight and specific fuel consuzmption, as far beyond che prior
values as they dared.

The uncertaiaty in the success of a developzment of these engines
came from the possible fallibility of the designers in this game of
“technological brinksmanship." Did they use good judgmert in select-
ing which components to favor in pushing into the regions of uncer-
tainty in -trength? Did they have the expertise to shape components
accurately so that the desired increment in flow or combustion effi-
ciency was attaired? Did they know enough about improved materials
to increase combustion temperatures the promised amount over the going
values?

If the designers chose wisely, then only a small number of fail-
ures occurred cn the test stand. On the other hand, in an overly ven-
turesome desigu so many failures occurred on the test stand that the
program funds and time were expended before 2 succesciul engine was
attained. The contracting agency usually stopped the development when
it appeared that overruns in time and funds were not iustified by the
application benefits expected from the engine or thac greater success
was being obtained by a competing contractor.

In addition to good judgment there was also an element of chance

in the success of & new design. Strength margins were usually so small
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that additional stresses intrcduced by resonant mechanical vibratiomns
and thermal cycling, which were often very difficult to anticipate,
might cause failures that could bring a project to the poiant of can-
cellation.

Thus, nearly every new engine in a series of an establisned cype
(like the turbine engines) was an adventure into design uncertainty,
and@ this was reflected in development time and cost. In spite of the
benefit of the zccruec¢ learning to later models, developzent costs did
not decrzase with time but rather tended to increzse because of the
upward trend in size, complexity, and performance goals. Beczuse cf
the pressure to meet an early operational date for the system, there
was a tendency te make early decisions on design and to follow 2 pol-
icy of comcurrency winich involved simultzneous developaent of all the
ccaponeants of an oparational propulsion system. 1In sone cases even
some production facilities were procured during developzent tc expedite
fabricaticn of the meay test units required for a crash program, and
airframes were comaitted to still undeveloped engines. This develop-
ment policy, of course, involved the risk that design changes mignt be
very expensive because they might impose changes in associated systeas
and even production tooling. Parallel engine developments were often
initiated witn several contractors te counter the uncertaiaty in con-
tractor capability.

In this period the contest between offense and defense, i.e.,
bombers versus fighters and antiaircraft guns, led to a continuing re-
quirement for larger, faster, and higher-flying aircraft and generated
a nearly predictable stream of engine requirements. It provided some
flexibility in aircraft development pianning in that one could usually
count on a follow-on higher-thrust engine if the engine developed spe-
cifically for a given airplane proved to be inadequate.

The advent of the ballistic missile into our military program in
the mid-1950's put an end to this era. The position of the manned
bomber as a weapon-delivery system was undermined by the ICEM to the
point that a successful case has not been made to date for any bomber
beyond the B-32 and B-58. The defense missile has forced the bomber

to abandon the higher-faster formula and seek invulnerability in other




modes of attack like s=a-level penetration. Thus the large effort on
a stream of fully developed turbejet engines of increasing thrust has
dwindled away, and there is now interest in developzments aimed at very
special applications like vertical-tzkeoff aircraft, the large logistic
carrier, the sea-level recce-strike airplane, and the supersonic trans-

o~

port. This greater specializarion has fcrced a closer tailoring of en-

H]

gine requirements to the mission applicaticn.

The impact cf the military reqguirement for ballistic missiles and
of tha national space-program requirement for boosters caused 2 shift
in developmental emphasis to the chemical rocket. The coatest between
fense and defense has now taken 2 new turn. The counter to the aati-

allistic sissile may be in more sophisticated ICBY payloads. Although
there is some upgrading associated with the established ICB8M force,
there is not the coatinuous strean of engines being generated by the
offense-versus-defense duel that characterized the period of aircraft
doxinance.

The space program with its continuing demand for increased pay-
ioad to orbit did generzte a2 more predictable family of engines cf in-
creasing thrust, e.g.. the LOX-JP engines (E-1, H-1, F-1) and the

X-HZ engines (RL-10, J-2, M-1). These engines range up to about

1.5 million pounds of thrust, which satisfies the needs of the Apollo
program. Except for the M-1, which is having funding problems because
it has no programmed application, these engines are well aloag in their
development. The prospect for higher-thrust engines explored in the
Nova and Post-Nova studies depends on whether or not manned exploration
of space bacomes an approved item in the space program as a follow-on
to Apollo, and this raises a basic question that faces current engine
proposals in general: What level of effort is justified on an expen-

sive engine development when the application is uncertain?

*The engine contractors are attempting to advance their technology
by exploratory development of a gas generator comprising a compressor,
combustor, and turbine, which, with the addition of fan, compressor, and
turbine stages in various combinations, may be used for a variety of
possible missions. In this manner they hope to enhance their readiness
while uncertainty attends mission selection.




There is also a2 continuing effort te improve chemical rocket sys-
tems in performance and reliability through improvements in propellants,
materials, discharge rozzles, cooling, and thrust-vector contrcl, high
combustion pressures, etc. The high cost of placing payload into orbit
has evoked study of recoverable-booster concepts in anticipation of a
large space-transport operation. A substantial number of small special-
purpose engines are being developed for 2 number of tactical missions
and for special space operations iike attitude control, rendezvous, and
lunar landing and takeoff. The development costs cf the small engines
are sufficiently low that the tying of zn engine development to an ap-
proved mission application does not become a critical issue.

Starting at about 1950 and continuing into th» present era, a large
number of very novel* propulsion systems have been proposed: these in-
clude (a) systems based on the nuclear reactor, like the nuclear turbo-
jet (Aﬁ?),** nuclear ramjet (PLUTO), nuclear rocket (ROVER), the gas-
core rocket, and the nuclear electrical system (e.g., SNAP-5C applica-
tions); () scme exotic air-breathing systems like the supersonic com-
bustion ramjet (SCRAM) and the air-collect systems (ACES); (c) contin-
uous nuclear-fusion systems; and (@) the pulsed nuclear rocket (ORION).

Interest in these systems stems from the belief, based on prelim-

inary estimates, that they promise

1. A new domain of flight operation unattainable by established
systems; e.g., a large step advancement in flight speed, range, endur-
ance, or altitude, or a new type cf mission.

Z. A substantial advantage over established systems in similar

missions; e.g., greater payload or lower missions cost.
The principal uncertainties attending a novel engine are

l. Can useful performance be obtained and can materials with-
stand the operational environment?
2. 1Is there an application for this performance capability of

sufficient worth to the nation to warrant the investment in this system?

*
The term 'movel” is used in the present discussion to designate a
system of which the first of its kind has yet tc be developed.

*k
Aircraft nuclear propulsion.




It has been demonstrated that a new prcpulsive camazility often
generates new applications. One msuid expec:i this to occur more with
the develcpment of novel engines than with the improvement of conven-
tional engines, the applications of the latter having been extensively
expiored buth in practice and in studies of advanced systems.

if development of a nevel engine is imexpensive, then it might be
justified by the prospect that a new flight capability may eventuaily
find spplication. However, these novel engines usually entail very
expensive developments, and the question of application becomes cru-
cial. Arguments often heard in defense of an extremely expensive de-
velopament proposal are that (a) it is essential to demonstrate the ad-
vanced flight capability of a novel system as a proof of feasibility
and utility; (b) the existence cf an engine with a new capability will
generate new application concepts; (c) the novel engine has a long de-
velopment time, and if one waits for an approved application, then
attainment of an operational system may come too iate to be effective;
and (d) the present insistence on a mission reguiremen: to supjeort a
very expensive provosal would completely bleck the development of novel
engines.

However, the national budget for engine development cannc: stand
the unrestricted application of this adventuresome development 1l policy
for the novel engines. The high cost and high risk of tn:i> d:velop-
ments are exemplified by the ANP and PLUTO projects, which wer: can-
celed after investment of $1 billion and $200 million, respectively.
The nuclear rocket without a firm mission requirement was approved for
full development at a cost now estimated at $1.5 billion. The desel-
opments of other proposed novel engines previously listed are likewise
estimated to cost in the multibillion-dcllar range. The nation canuc:
risk macy developments of this cost, nor, on the other hand, can it ig-
nore the possibility of major breakthroughs in flight capability from
advanced propulsicn systems. Thus much more careful planning of a pro-
gram on novel engines is required that will obtain for the allotted
budget the maximum in informaticn and developmental products.

The following conclusions on develcpmental policy are derived
from RAND studies on conventional engines (turbine engines and chemi-

) .(1_8>

cal rockets




1. A stromg program at the research level to provide design data
for advanced systems is a goad investment. Research, which is rela-
tively low in cost, provides 2 sound technolcgical basis for advanced
systems and might prevent some expensive mistakes in developmeat.

2. Several alternative versions of problematical components
should be subjected to test prior ¢s & major commitment of funds to
development of a specific system.

3. To the extent that it is feasible, engine development should
be independent of weapon systems in the early program phases to avoid
premature and costly involvement in requirements and ancillary systems
that may not be needed in the ultimate application.

4. Uncertainty in the attainment of an engine for an important
application can be reduced by developing in parallel several alterna-

tive systems of different designms.

We are at a point in the development of turbine and rocket engines
where the continuing demand for ever more powerful engines with pre-
dictable requirements has largely abated. The engines being proposed
are more closely tailored to specific applications; some are extremely
costly to develop and lack a firm application requirement. The novel
engines likewise have very high estimated development costs aad usually
no firm mission requirement. Although much of the policy derived from
past conventional engine experience still applies, a more detailed
contsideration of the developmental process is now required for more
careful management of funds and efiort. The novel engines are sup-
ported by much less scientific and engineering information than the
advanced conventional engines, and this affects the choice of starting
point in the development cycle and the initial scale and scope of ef-
forec.

This Memorandum attempts to indicate how unnecessary investment
risk in development of advanced engines might be minimized. Specifi-
cally indicated are (a) the kinds c¢f knowledge concerning a proposed
engine that are obtainable at various levels of R&D activity, (b) the
rationil starting point of a project in scope of effort and scale of
equipment, {(c) the decision points and considerations for enlarging

the project scope and scale or for terminating the project, and (d)




the perallel effort advisable for improving the probability of success.
The noval engine types are emphasized, although the conventional ergine
types are also discussed.

The case history cf the ANP system development is reviewed to high-

light some of the development concepts discussed.




ITI. THE STRUCTURING CF AN ENGINE PROGRAM

An item is of interest for an R&D program when it concerns (2) new
and unexplored sources of energy or novel engines based either on new
or conventional energy sources that promise 2 new flight capsability or
a substantial advantage over existing systems, and (b) the advancement
of established systems toward high performance. A new capability may
come from step improvements in one or more of the follewing system
characteristics: specific weight (1b of weight/lb of thrust), effi-
ciency, endurance, and ability to operate in a new environment. The
step improvement in one characteristic may in some cases be accompanied

by a degradation in another and may still provide the new capability.

PROPULSION-SYSTEM PARAMETER

The growth in flight capability as related to advancement in pro-
pulsion-system parameters is illustrated by the following examples.

The turbojet engine, with a specific weight at cruise of about
1/5 that of the reciprocating engine, permitted advancement of flight
speeds into the high subsonic and supersonic range up to about Mach 3,
a capability unattainable by the reciprccating engine. The turbojet
engine loses efficiency above Mach 3, and further increase in flight
speed was made with the ramjet both because of its high efficiency be-
yond Mach 3 and low specific weight. At about Mach 6 to 8 the ramjet
with subsonic combustion begins to lose efficiency, and studies are cur-
rently being made of the supersonic-combustion ramjet for flight in the
atmosphere above speeds of Mach 8, with the hope of ultimately being
able to fly into orbit at speeds of Mach 26.

The nuclear air-breathing engines, because of the extremely high
energy content of nuclear fuel, promise a step advance in aircraft en-
durance and flight range, but no increase in flight speed or aititude
over their chemical counterparts.

The chemical rocket further reduces engine specific weight to
about 1/5 that of the turbojet engine, which makes possible the pro-
pulsion of vehicles to speeds of above 10,000 mph with a single-stage

engine, and many multiples of this speed by firing successive stages.




Furthermore, because a rocket carries its oxidant, it can function out-
sidec the sensible atmosphere. Thus the rocket prgvides two new capa-
bilities: a step advance in flight speed and propulsion in Space.*

As space missions become more difficult in terms of payload,
spacecraft velocity increments, and distance of destination, the ef-
ficient use of the rocket propellant takes on increasing importance
in reducing mission cost and increasing mission feasibility. The
solid-core nuclear rocket with a specific impulse of about twice that
of the best chemical rocket (i.e., about 800 to 1000 sec versus 500
sec) promises a large reduction in mission cost for such advanced mis-
sions as large lunar logistics operations or manned Mars expeditions.
Larger specific-impulse values are being projected for a number of fu-
turistic systems: e.g., for the liquid-core nuclear rocket, as high
as 1400 sec; for the gas-core nuclear racket, up to about 3000 sec;
for the impulsive nuclear system (ORION), up to about 5000 sec; and
for the electrical propulsion systems, 10,000 sec and higher. The
electrical propulsion systems provide very low thrust, having a very
high specific weight (about 5G00 1lb of weight/1b of thrust), and are
limited to long-duration space missions; they are, however, much far-
ther along in development than the other futuristic space engines
cited. Although little is known about the potential of the nuclear-
fusion engines, there is much hope that these will also provide ex-
tremely high specific impulse.

For novel engines, the possibility of a new flight capability
provokes interest irrespective of whether or not an important mission
requirement can immediately be proven. For conventional engines, how-
ever, like air-breathing engines and chemical rockets, developmental
proposals are usually more closely related to anticipated mission
needs. For example, the belief that a need exists for a VTOL airplane
currently stimulates proposals for the development of turbine engines
of very low specific weight. Current interest in a bomber capable of

very high speed and long range at both high altitude and sea level,

oo

“For supersonic- and hypersonic-speed flight within the atmos-
phere, the ramjet is still interesting because its more efficient use
of onboard propellant prcmises lighter vehicles and more econcmical
operation for a given payload and range than the rocket.
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and in the supersonic transport (Mach 3), has generated consideration
of the associated engines. The Apollo mission generated the require-
ment for the Saturn 5 rocket engines. The nuclear-rocket development
anticipates more difficult space missions, like the manned expedition
to Mars. Interest in very-high-thrust chemical rockets, like the Nova
and Post-Nova concepts, stems from the prospect of large space mis-
sions requiring placement of vehicles weighing millions of pounds into
initial earth orbit. The portent of large logistics operations be-
tween earth and orbital and lunar stations has led to the study of the
Aerospaceplane and other recoverable-booster concepts in search of a
cheap mode of placing payload into orbit.

It has been the intention here to illustrate the factors that
generate interest in proposed engines rather than to attempt to item-

ize all engines of interest in a complete engine program.

ENGINE DEVELOPMENT CATEGORIES

Engine development categories defined according to their techno-

logical bpasis may be listed as follows:

Conventional --Scale Increase: A conventional engine for which in-

creased scale to provide more power or thrust is the primary
requirement. While improvements in major performance parameters
(e.g., efficiency and specific weight) are often desired in each
new development, they are not sufficient to require an advance
in technology in this category.

Conventional--Technologty Advance: A conventional engine with a sub-

stantial improvement specified in one or more of the major per-
formance parameters relative to current practice. The attain-
ment of this improvemeat requires an advance in technology (e.g.,
additional information pertinent to design improvement or better
materials).

Novel--Engineering Known: A novel configuration comprising coaven-

tional components for which the component engineering data are

available.

"“ 3 I3 3 3 rl
In the above characterization a conventional engine is one of a
type on which rhere is prior successful development experience, whereas
a novel engine is the first of its kind.
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Novel--Engineering Deficient: While the basic theory is understood,

essential component data are lacking.

Novei--Science Deficient: The basic scientific background is lacking

and, obviously, so are the engineering data on critical components.

Conventional engines requiring mainly an increase in scale over
existing engines have the strongest technological background in support
of their development, and this category is listed first.J Lower on the
list are conventional engines that require an increase in technology to
obtain advanced performance, such as a major advance in specific impulse
or specific weight. Listed third but possibly on a par with the second
item are the novel engines for which the technology needed for designing
the components is available. The novel engines for which this technol-
ogy is not available and those for which the basic phenomena are not
understood are listed in fourth and fifth place, respectively, for ob-
vious reasons.

A propulsion system employing controlled nuclear fusion, a process
still beset by major basic phenomenological difficuliies, is obviously
in the Novel--Science Deficient category. The electrical propulsion
systems, the pulsed nuclear engine, and the air-collect engines are
examples of the Novel--Engineering Deficient category. The turborocket
engines, which have had some exploratory development effort but no com-
plete development, are composed of components on which there is much
data and would fall in the Novel--Engineering Known class. The super-
sonic-combustion ramjet, the lightweight turbine engines for V/STOL
aircraft, the engines with very high turbine-inlet temperatures, and
the rocket engines using very high combustion-chamber pressure or un-
conventionai fuels are a few examples in the Conventional--Technology
Advance class. The F-l rocket engine, which for the most part repre-
sents a scale increase in the engine series that includes the E-1 and

H-1, exemplifies the Conventional--Scale Increase class.

5,

k3
There is the reservation that scale increasc sometimes brings
on new problems that require an advancement in technology.




FIVE LEVELS OF R&D

The several strata in R&D discussed in this Memorandum arze de-

fined as follows:

Scientific Research: Basic phenomena are studied in theory and in

experiment.

Engineering Research: This effort is aimed primarily &t procuring

basic design and performance information. Test specimens racher
than system components are utilized when pertineant to save time
and cost; nowever, complete components and assemblies cf compo-
nents are investigated when required to evoke the phenomena under
investigation. The compcnents are usually models rather than
prototypes.

Problematical Componenl Development: Primary problematical compo-

nents cf the system are investigated. A primary problematical
component is Jdefined as one crucial to the system but with very
uncertain capability of providing the desired performance. Two
levels of development in this category will be discussed: (a)
exploratory development, where the emphasis is on acquisition of
technology: and (b) full development of a component for a spe-
cific approved engine development.

Functional System Development: Development focuses on the "stripped

functional system," which is defined as an assembly of only those
components essential to the study and evaliuaticn of the perform-
ance characteristics of the total engine system.

Operational System Development: All components required for a fiight-

operational system are developed.

These are similar in some respects to the Depa.cment of Defense

(9)

Package VI categories. The major difference is the finer break-
down on the lines of test-hardware sophistication, going progressively

from test specimens and models in '‘engineering research" to problem-

xAlthough the border line between engineering research and the
early phases of problematical component development is not sharp, in
the latter case the components employed are approaching the prototypes
for the engine.
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atical componenis, sitripped functional systems, and finally full oper-
ational engines. The otjective ¢f this breakdown is to facilitate
delineation of where, in the R&D process, effert on variopus types of
enginesr should start and step to rininmize investment risk. (The DOD
categories tend to emphasize the classificaticn of various propdszls.)

Two research and three developzment strata are listed; hewever,
exploratory problematical ccmponent developzent has & strong researcn
espect andé fits into borh categories.

The R&D stratum at which one starts a2 proposed developzent de-
pends, of course, oa the axzount of prior information rhat exists on

the system. All engine des pzents rnaturally have

(]}

the components o
their basis in technolcgy derived from scientific and engineering re-
search and are usually supported by a continuing program in these
strata. The effort on Novel--Science Deficient engines obviously
starts at the Scientiiic Research level and remains there until the
basic phenomenological problems are solved. The Xovel--Engineering
Deficient engines start in the Engineering Reszarch levei and advance
through the strata oniy whern performance objectives based on the en-
gine's needs are being obtained. Depending on the azmount of back-
grecund available and the pressure of time., the Conventional--advanced
Technology engine should start either in the Engineering Research or
Problematical Component Development strata. The Novel--Engineering
Known engine should likewise start at th2 Problematical Component De-
velopment level or even possibly at the Functional System Development
level. For the Conventional--Scale Incr=ase engines, a functional
system is set up for test very early in the program, after initial
tests of the components indicate that they are probably suitable.

The development tests of the components and of the engine then pro-

ceed concurrently, the lacter contributing insight into interactions

between components that may require modification.

R&D PRACTICES

In order to manage R&D funds carefully, it is important to under-
stand clearly what is acquired by the expenditures in the several R&D
strata listed previousity. In these R&D strata four basic types of

operation are engaged in:
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1. Amnalysis
2. Iaformation and datz acquisition through expericmentation

3. Tailoring 2nd fixing to obtain reguireé performaace and

endurance

4. Periformance dexpnstration

analysis

In the Scientific Research stratum the frcatiers of science are
investigated in order that new pheno=enz m2ay be rewvealad andé under-
stcod and their applicaziorn to propulsion may be explored. 1ia en-
gineering resezrch the amnalysis is of a2 more zpplied character, at-
teopting to iandicate the fundamental relation between the physiczl
parameiers of a structure and its performance 2s measured dy criteria
like the efficiency, thrust, and endurance. Analyses are us23 in
the developzent strata for designing equipzent and systens andé Ior
evaluating their performance.

Information and Data Accuisition Through Experic-atation

Information and data acquisition oay range over such diverse
items as investigation of (&) new scientific phenomena or processes
relevant to propulsion; (b) the relation between the configuration of
components and the associated fluid-flow, heat-transfer, thermcdy-
namic, nuclear, or electriczl processes; (c) the alloy compesition
and heat treatments to obtain desired materials characteristics; (4)
nethods of fabricating, shaping, and joininrg the desired materials;
(e) stremgth and endurance characteristics of components in the desired
envirenment; and (f) friction and wear phenomena in moving parts.

For maximum application utility these data should be documented in
a manner that permits their accurate application.k Thus all physical
and operational parameters that influence the situation must be re-
ported along with the results. This requires usually a substantial
amount of instrumeniation for complete coverage of the pertinent meas-
urements, and when applicable, a systematic variation of operating con-

ditions during the test program. The utility of the data is further

*References 10 and 11 exemplify this process.




and —ore realistic applicaticn of the thezory.

Data procurexzent proceeds =ost effectively in the research phases,
where cooplete instru—entation and systematic prograrming zare of the es-
sence. It a2lso occurs ia eariv developzental phases, when adequate ia-
struzentation is eaployed znd problematical cooponents are singled out
for special attention. I occurs to a nuch lesser extent in the final
fell-engine developzent phases {the fourth aad fifth R*D sitrata), where

the contractor's overriding cobjective is to o
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scribed performance withia given funding and time limits.
In the fuli-engine-development phases the contractor believes
he knows how to design the engine, and to save time and coney he in-

stzlls just suificient imstrunsntation to indicate the engine's major

o

erformance paraceters and to reveal deficiences in suspect areas.

nen 2 problem is revealed, all expedient corrective changes are 2p-

plied simultaneously, ard the contractor forgces the luxury of learning

which changc was effective. In addition, the test rums are in the
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T o critical perfurmance points, and again the luxury of a
systematic investigation of operational parameters for the purpose of
providing design information is usually not available under the time
and cost constraints. In these later developmental phases much of the
learning is in the nature of the art of engine development and resides
in the minds of the personnel. aAnd there are instances where this art
is not applied even in the same company on a later engine development
if a new developmental team is employed. A large part of vwnatever in-
formation is documented during the la er developmental phases is often
locked in the contractor's proprietary files.

What is meant by engineering information procurement will be illus-
trated by several examples relating to the turbojet engine. Going back
30 vears, iet us assume that the turbojet is ian the category of a novel
engine. Analysis very quickly determines that the primary critical
considerations pertain to the cfficiencies of the compressor, turbine,

and combustor, and to the nigh-temperature strength of materials for
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the turbine wheel and blades. Typical research imstzllatiorns will be
described to emphasize the extensive instrumentation, the systematic
variation of design parameters and test conditioms, and the limitation
of the test items to just that quantity necessary to explore the phe-
nomenor: of interest.

The influence of the shapes of axial-flow compressor blades or
the efficiency of compression may be determined by setting up a cas-
cade of blades in a smzll zirflow duct. Pressure tubes are lccated
witkin the blades for sensing the pressures cver the blade surfazces.
These tubes, connected to manometers, indicate positions of flow break-
down. Rakes of pressure tubes before and after the cascade of blades
measure the airflow parameters from which blade efficiency can be
determined. In these investigations, the air velocity tarcugh the
cascade and the angle of attack of the z2irflow are systematically
varied. The tests are repeated with & systematic variatioa in bdlade
profile, spacing, thickness, length, breadth, tip clearance relative
to one wall, efc. An attempt is made to correlate these data into
generalized design curves and to relate the results to fluid-flow
theory. Similer studies are made with turbine blades. In addition,
a turbine or compressor stage consisting of a wheel with a complete
set of blades is tested tc studv the effects of rotation on the flow
and stress pnenomena. Elaborate instrumentation may be provided to
obtain, from the amoving blades and wheels, surface-pressure distribu-
tions if flow phenomena are being investigated, or surface-temperature
and strain distributions if strength is being investigated. In addi-
tion, extensive instruments in the gas stream before and after the
test articie permit detailed analysis of flow efficiency. Again the
emphasis is on systematic exploration of the basic variables, cover-
ing a wide variation of the interesting parameters.

In the case cf the combustion chambers, in addition to instru-

mentation for measuring air and fuel flow, a very large number of

*Although the efficiencies of the inlet diffuser and discharge
nozzle are important and their study should be included in a research
program, cnough was known about these components to indicate that they
did not constitute primary problematical elements.
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thermocouples are provided to measure (a) temperature distribution
over the combustor wall for indications of overheating, (b) tempera-
ture distribution in the gas discharged from the chamber to indicate
zxcessive locel gas temperatures that might harm turbine blades, and
(c) the temperature rise of the gas to iandicate combustiorn efficiency.
These tests might be made on segments of combustors and cn complete
combustors. 1In a typical program the distribution of the zirflow into
the combustor is systematically varied to indicate the 2£ffects of the
location cf zir inlets on combustion efficiency, blcw-cut limits, anéd
temperature distribution.

The critical com:ponents from a strength standpoint are the tur-
bine blades ané wheels. A& study of the strength, creep, and corrosion-
resistance properiies of materials suitable for blades and wheels is
made on test specimens over a range of temperature and stress condi-
tions of interest and with a systematic variation in alluvy composition,
heat treatment, and fabrication variables. These are supplemented by
the stress tests on complete turbines previousiy described.

The objective of the enginecering research effort, as exemplified
by the discussion of the turbciet engine, is to provide (a) desiga and
per formance information, (b) insigilit into the performance promise of
the engine, and (c) some feel for the difficulty of development to
achieve useful performance.

It was not the intention in this discussion to delineate a com-
plete program for the turbojet ergine buc merely to attempt to provide
an insight into the data-acquisition process as a basis for comparison
with the tailoring and fixing process that will be discussed next. 1In
general, research of this character is much less costly than the devel-

opment of an operational engine.

Tailoring and Fixing to Obtain Required Performance and Endurance

By tailoring and fixing is meant the operation of altering the
configuration to obtain the required performance and of fixing hard-

ware of inadequate strength.
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Tailoring. Tbis requires determining tue periovmance of compo-
nenits and the complete engine at specified operating points and alter-
ing the components if the desired performance .s iut attained. (Re-
turning to the example of the turbojet-engine develcpment, tailering
would be required to assure that the ccmpressor and turbine both at-
tain their required maximum efficiencies at the desired engine-cruise
airflow rate, that compressor stall is avcided curing engine start-up
and acceleration, that overheating is avoided during start-up, that
excessive vibration of compressor and turbine blades is avecided at im-
portant operating speeds, and that combustor flameout is avoided at
desired flight-altitude conditions or during engine deceleration.)
Usually the larger the number of flight operational conditions spec-
ified for a given engine devel-zment, the larger the number of test

conditions that must be investigated.

Fixing. Most flight propulsion systems are pressed to the limits
of the strength of crucial components in order to meet specified engine-
weight limits. Failures in these crucial comporents may result from
vibrational and thermal stresses that cannot be accurately anticipated
during design and also from deficiencies in design, materials, and fab-
ricaticn techniques. In addition, a flight propulsion system contains
a myriad of miror parts which do not pose any serious design challenge,
but some may fail because in so large a statistical assembiy some de-
fects are bound to occur. A large part of the development testing is
involved in searching for and correcting defects in both the ma jor and
minor parts; a surprisingi& large proportion of the failures are in the

minor parts, and these are usually readily fixed.

Per formance Demonstration

At several points in the develcpmental process when the engine ap-
pears to be attaining required objectives, demonstrations of performance
and endurance are made. These include qualification of the engine for
flight-testing, qualification of the engine for flight operations, and
fiight performance demonstration.

Performance demonstraticn and the tailoring and fixing process are

so closely related that they will be discussed in relation to test
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practices. The growth of emphasis on tailoring and fixing a

progresses further along the R&D path will be indicated.

Development Test Practices

In the research phases some tailoring and fixing takes place to
obtain components in the performance rznge of interest for the re-
search studies. But by and large an attempt is made to avoid much of
this activity by providing ample strength in the test specimens and
associated eguipment except for special strength tests, in which case
only the elements pertinent to the objectives of the investigation
may need to be in the range of streagth uncertainty.

The tailoring and fixing activities increase as effort proceeds
into the developmental phases. 1In the early phases where phenomens
are being studied, these activities are kept in hand by employing so-
called boiler-plate components and by first limiting the flight-weight
configurations to those elements being investigated for their strength
characteristics. For exawcple, the study of the performance of an ac-
tual set of flight-weight turbine blades need not be jeopardized by =2
possible underdesign of housing, shaft, wheel, or bearing also aimed
at flight weight. These early developmental tests, as previously
pointed out, are often characterized, as they should be, by extensive
instrumentation and a systematic program to provide design informa-
tion. Thus in the expioratory-engineering phase on the probiematical
components, both the data-acquisition and the tailoring and fixing
operations are extensively involved.

When components are obtained having mnearly the desired charac-
teristics, then the functional engine system is set up, and its tests
are carried on in parallel with the individucl component tests. The
instrumentation on any one component in an engine test installation
is sparser than on the component test rig, and the emphasis shifts
more strongly toward tailoving and fixing. Because interaction ef-
fects between components revealed in the syciem tests might require
modifications of the components, an attempt is made to start func-
tional engine tests as soon as feasible. Interaction effects betwrcen

components are usually correctable with the existing state of the art.
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Whea tho contractor enters full engine Jevelopment, his primary
objective is to obtain and demonstrate the required performance and
endurance within the allotted time and funding, letting the acquisi-
tion of design data become secondary. The contractor believes he
knows for the most part how to design the engine and stakes his chances
on an engine with flight-weight components, noping that only a few de-
ficiencies in performance and strength will be found in test. The op-
eration is then largely in the tailoring and fixing category. As
previously pointed out, because of the austere instrumentation and
the ad hoc nature of test and modifications, few systematic design
data come from this operation.

Flight-testing is introduced intce the program when the engine has
passed a preliminary flight-rating test which indicates that it is
sufficiently free of defects to warrant risk of the large investment.
The flight tests then proceed in parallel with the continuing ground-
test program. The purpose of the flight test is to determine if dif-
ficulties will result from conditions experienced in flight, such as
acceleration and vibration, from atmospheric or space emnvironmental
conditions, or from interactions with other vehicle systems. For the
most part these problems once revealed can be eliminated by design
changes withiu the existing state of the art. In a few cases where
the condition cannot be adequately simulated on the ground, rescarch
in flight may be required to obtain basic engineering or scientific
data. A case in point is the investigation of the effect of weight-
lessness experienced in space on two-phase fluid flow and heat-transfer
processes. Except for these special cases of research in flight, the
flight-test program is instrumented in even less detail than the ground
development test and produces even fewer systematic design data.

An unsuspected disruptive phenomenon is sometimes revealed during
development. Usually special research projects are then iritiated to
study the phenomenon in detail for the purpose of indicating methods
of avoiding the associated problems, while the development effor*t con-
tinues with the introduction and evaluation of the fixes.

Each new engine development, even in a series of engines of a
common genre, has its special compcnent performance and fixing prob-

lems and consumes development time and funds as readily as its




predecessors. Contractor progress reports and logs give a substan-
tially different history (. failures and problems for each new devei-
opment . Tables 5, 6, and 7 in Appendix A. taken from the development
programs of two rocket engines (designated A and B) and showing a
substantial number of tests, albeit a2 small part of the tetal program,
illustrate the preoccupation with the fixing of defects that are nar-
ro':ly related to the engine under development. Engine A is for a con-
ventional liquid-propellant rocket, and the coatractor has had much
developmental experience on similar engines. This engine, however, is
requiring as much time to develop &s its predecessors and is costing
more money. In a rocket, the fundamental requirements that may strain
the state of the art are the specific impulse, involving the efficiency
of the combustor and discharge nozzle, the combustion stability, and
the cooling of the combustor and nczzle, yet the bulk of the c¢ifficul-
ties revcaled during the full engine developmental testing do not re-
late to these fundamental problcms.

In a typical monchly development progress report, which listed a
sequence of 77 rocket-enginz tests znd 180 tests on assorted components,
the tests represented checkout and fix operations like those in Tables
6 and 7 of Appendix A.

Each new development is an adventure in new arrangements, new
materials, new fabrication practices, and often new people. In the
very large assembly of components, operations, and people in a flight-
engine project, a myriad of defects are bound to occur. Usually these
are readily fixed, but the finding, fixing, and checking represent the
major part of the developmental effert. This developmental phase is
more than an order of magnitude ..ore costly than the data-acquisition
activity because of the higher cost of the full-scale test items, the
full-scale test rigs, and the large amount of fixing and performance
tarloring that is involved in obtaining contracted performance and en-

durance.
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ITI. COSTS AND INVESTMENT RISKS IN ENGINE R&D

This section will attempt to place the costs of various levels of
R&D activity in perspective and to indicate how engine specifications
affect the depth of investment required to attain insight into whether
or not investment in full development is advisatble.

The engine characteristics of concern in a new development are
(1) the performance (e.g., thrust and efficiency), (2) the specific
weight, and (3) the endurance. While all of these characteristics are
important, the distance one must go down the development path before
one can attain a good insight into the probability of success depends
on which of these characteristics, singly or in combination, must meet
exacting specifications in order for the system tc provide an advan-

tage over its competiticn. This is a measure of the investment gambie.

LANDMARK COSTS

Figure 1 shows on an orceir-vf-magnitude (i.e., logarithmic)
scale the relative cost of attaining several impoitant landmarks on
the R&D path. Unity in Tig. 1 is taken as the complete development
cost of an engine.fc While the relative costs of achieving the sev-
eral R&D landmarks shown for any given engine differ from t(he heuris-
tic illustration in Fig. 1, these differences are not sufficient to
alter the broad implications to be drawn fror the illustration.

Lowest on the scale, roughly two orders o. magnitude below full
development, is the cost of obtaining design data, a process that was
described in detail in Section II. These data would permit design of
components for initiating a development program and would provide a
good basis for estimating performance characteristics, such as thrust,
power efriciency, specific fuel cr propellant consumption, and cooling

requirements. It would also supply information for a preliminary en-

Y

This includes only ground-testing; flight tests add about 30 per-
cent to this cost. The absolute cost values fox both the ground and
flight programs depend on the required engine reliability.

ot
’ The values in Fig. 1 come from a judgment rather thar a detailed

statistical analysis of cost histories. Statistical analyses would like-
wise contain a strong element of judgment in identifying expenditures with
achievement landmarks. At best, estimates like Fig. 1 are very rough.
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gine design from which engine weight (usually optimistic) can be esti-
mated. Where the merits of the engine relative to its competition in
important applications are not seriously altered by a degradation in
weight and performance over the range of uncertainty, then these de-
sign data provide a pasis for judging developmental feasibility. Af-
ter an acdequate study of this kind revealed that the engine phenomena
can be implemented with the desired efficiency and that materials can
withstand desired stress, temperature, and other environmental condi-
tions, one would not expect any further serious technological barriers,
and one would be willing to gamble that additional difficulties could
be handled in 2 normal developmental operation.

For the initial turbojet engine, for example, the information ob-
tained in an engineering research program would have been sufficient
to indicate that it had a major advantage over the reciprocating en-
gir> for very high subsonic speed, even with a substantial allowance
for uncercainty in per formance, specific weight, and endurance.

Progress down the R&D path to the next landmark, i.e., "problem-
atic component development," is indicated when at least one of the

{ollowing applies:

1. A decision to develop the engine has been made. (This sub-
ject nill be discussed in Section V.)

<. More accnrate information for estimating performance and
specific weight is needed for a decision on escalation to

ful) development.

This additional information prior to an investment gamble on full
development is needed when the merits of the system critically hinge on
the attainment of performance and specific weight well beyond the cur-
rent state of the art. The worth of a VIOL engine, for example, hinges
on the feasibility of attaining challenging thrust-to-weight ratios.
Figure 1 indicates that investments of the order of one-tenth of the
expected full development cost are required to obtain this insight.

As pointed out in Section II, if information is the primary con-
sideration, one should minimize cost in this phase by attempting (a)
to focus on the problem areas of concern, emphasizing performance and
strength verification, and {b) to avoid involvement in extensive fix-

ing of incidental items. The program should be planned also to avoid




when possible the extensive alteration cf components which individuzlly

fied operation condi-

P

show gocd performance to achieve matching at spec
tions; for example. the matching of a compressor and turbine in a pro-

posed turbine engine.

55

These additional developmental activities, like performance match-

irng, endurance testing, and defect elimination in nonproblematic iteas,
are undertaken when a decision to develop an enginz has been made and
firm periormance specifications have bcen established.

Tn the development of the complete engine (the next step in Fig.

1), about 30 percent of tke cost is consumed in achieving per formance

e
P2y

requirements, and the remaining 70 percent in obtzining and demonstra-
ting endurance. This operation, as pointed out in Section II, involves
a great deal of tailoring and fixing narrowly associated with the de-
sign under development. It is undertaken, obviously, when a decision
has been made to develop the engine.

When the utility of a proposed engine depends on the attainment
of exacting specifications for all three of the major parameters--
performance, specific weight, and endurance--then it is necessary to
proceed down a portiorn of the endurance-testing path with a substantial
segment of the complete engine to obtain the insight required for a
judgment on developmental feasibility. The electrical propulsion sys-
tem based on the Rankine cycle is a case in point. In order for this
system to show an advantage over the nuclear rocket in advanced space
missions it must not only press the state of the art for performance
and specific weight but must also achieve an endurance of about 10,000
he in a given mission.(lz) If this system fails to achieve this en-
durance within the current large uncertainty, that is, if it achieves
only half or a quarter of this endurance (with specific weights above

\

30 1b/kw of jet power being estimated for this engine),xh then the

J,

“The preliminary flight-test rating, which indicate that the en-
gine is sufficiently reliable to warrant investment in a flight-test
program, is obtained with a small amount of endurance-testing beyond
this point.

wlonte
R

Based on current nuclear-turboalterrator power-source technology.




electrical propulsion systeo will not be favored ovzr the nuclear
rocket for the advanced space nissions.

e distiaction berween endurance required to cecoplete a2 nission
ané@ endurance related to tize-between-overniauls should be noted. For
exazple, the endurance speciiications on maany turbojet engines relate
to time-between-overticul, which is gemerzlly large coopared with the
endurance required o ccmplece one nission. Considerable latitude in
time-between-overhauls has been accepizd on early turbojet eagines for
military applications. It bescozes core impertaat when the cost oi

maintenance is crucial to the feas:i:bility of the system. This oay

becone a major consideration for soms cozmmercial veatures, like the
J

kty

P

superscnic transpert, where profit is of the esseace.
In summary, the inputs for a2 decision oa whether or not to ap-

prove the developzent of 2 proposed engine should include (z) the

cost of acquiring suificient information tc provide some confidence
that strainment of specified characceristics is feasible, and (b) the
estimated cost of developnent. The ratio of these two costs, (a)/(b),
will be defined as the ante-factor. The nore the competitive position

of s proposed engine hinges on inclusion oi chzlilenging specifications

on thrust, efficiency, specific weight, and endurance, the higher would

be the ante-factor for the engine. For example,

Approximate
Critical Challenging Specification Element Ante-factor
Thrust and efficiency ..... et .. e-e... 0.01

Thrust,  efficiency, and specific

welght ...ciiiiiiiriiiiiieeeeseecenescnnseneas 0.1
Thrust, efficiency, specific weight,

and endurance .......... A ¢ IO

If directed along the lines discussed, such R&D efforts conducted
prior to a decision to proceed with full development would satisfy the
technological prerequisites given in DOD directive 3200.9, "Initiation

of Engineering and Operational Systems Development" {see Appendix B).

*
Or power.
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Xo attempt will be made here to suggest 5 method of determining
the atsolute cost c¢f a development program. Instead the discussion
will be limited to ome of the major uncertainties, namely, the number

tests recguired to acrieve specified perfcrmance goals. One can,

]
h

of course, estinmate z “base number of %“ests" by listing ail of the test
conditions zt which the performance shculd be checked. For exs=ple,

in the »rogram on a complete engine one might include tests at the
conditions of thrust, flight speed, snd altitude over which operation
of the engine is planned (i.e., maximum speed, cruise, ciimb, lioirer),
as well as the start-up, acceleraztion, and shutdown sequences and ea-
durance runs. The larger the number of important conditions set by
the specification, the lazrger the number of tests and the cost.

However, this "base number of tests" must be multiplied by a "base
amplification factor" to allow for reruns necessitated by equipment mal-
function znd component deficiencies and failures. This amplificaticn
facror, usuailly z very large unknown number, is the major reason fc-
uncertainty and for escalation of the development time and cost. One
is in a2 better position to estimate the amplification factor for follow-
on developments on a given engine type than for a novel engine on which
there is no prior development experience. Because of the natural and
usually sincere optimism of contractors with regard to the base ampli-
fication factor, it is not surprising that most piograms require ex-

tensions in time and cost.

FOCUS AND SCALE

It is with novel engines that a breakthrough may occur, leading
to a new and important flight capability. But because a point of
breakthrough cannot be forecast, a broad program for exploring many
promising possibilities for implementing attractive concepts is ad-
visable. While in general one must subscribe to the merits of a broad
research program, scme focusing of effort should be considered; namely,
as long as major uncertainty exists regarding crucial elements of a
novel engine, an extensive effort on other portions of the system is

not warranted unless they are of interest per se.
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A case ir poiant is a propulsion system utilizing controlled nuclear
fusion. The phenomenon of fusion has been amply demonstrated; in fact,
the H-bomb emplioys the fusion process, and some trace amounts of fusion
have been reported in centrolled-fusion experiments. However, it is
still not certain that a technique can be devised to retain the fusile
msterial at the millions of degrees of temperature and at the proper
density for a sufficient time to achieve a significawnt amount of con-
trolled fusion Until this central uncertainty is resolved, it should

receive the emphasis in any funding for this propulsion system, and

.

little should be spent on anciilary portions of the system.

Somewhat closer to practicality are those novel systems where bcth
the central phenomena and physical processes for controlling the phe-
nomena are understood, but where there is major uncertainty as to
whether or not (a2) the phenomena can be controlled with the required
efficiency, and (b) materials can withstand the operating conditions.

The effort at this point should be aimed at the primary problematical

ccamponents.

In the development of 2 novel engine, investment risk and R&D
costs can be reduced if the initial engine scale and its growth during
the developmental process are carefully planned. To facilitate the

discussion two hardware scales will be defined:

1. finimum representative scale--This is an engine or component

size chosen to economize on hardware, facility, and test costs, but
still capable of providing useful design information and a realistic
insight into the perfcrmance capability of a useful engine.

2. Mission scale--This is an engine or component size chosen

for a mission application.

If there is a very large increase in cost for developing the
mission-scale system, then time and money would often be saved by
choosing the minimum-representative-scale system for the initial R&D
on a novel engine. The use of a modular-design concept may be feasi-
ble in some cases to transform a minimum-representative-scale system

into a mission-scale system, and this should enter into tne planning

The importance of focusing the current effort on the plasma-
stability problem, which appears to be the key to obtaining the re-
quired plasma confinement, is discussed in Ref., 13.
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considerations. This is pearticularly desirable if there is scme uncer-
tainty regarding the initial missicn requirements. Even if a firm set
of requirements were specified, and the pressure of meeting the estab-
lished operational date required that the initial engine developed be
of mission scale, then at least in the research and early exploratory
phase minimum-representative-scale components should be used. Such
ccmponents would facilitate learning and would minimize the investment
loss if tests revealed basic reascus for reorienting the design or
terminating the project. The effort in these phases should be sharply
focused on the problematical components. When tests indicate the fea-
sibility of obtaining desired performance objectives, the scope and
scale can be increased.

Likewise, when major advancements in technology are required with
conventional engines, the use c¢f minimum-representative-scale compo-
nents in the early R&D phases often reduces learning cost. Once an
understanding of the technology is achieved, the development can pro-

ceed immediately to the mission-scale engine.
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IV, ENGINE R&D WITH AND WITHOUT ESTABLISHED MISSION REQUIREMENTS

JUSTIFICATIONS FOR R&D

The extent of the R&D activity depends on the strength of the jus-
tificaticn for the system; we may choose to buy only the engineering
data needed to design an improved system in anticipation of a future
requirement, or an improved component ready for application, or a com-
plete engine.

There are several levels of justification for R&D effort:

Established mission requirements: The strongest support for the de-

velopment of an engine is provided by the existence of either a
military mission requirement or, in the case of developments for
NASA, an approved space mission which needs the proposed system.

Broad utility: Although a requirement as defined above may not exist,

an engine or a component may prorise such broad utility that its
development may be justified on that score.

State-of-the-~art advancement: Engineering research, or possibly the

development of a component or an engine, may be justified if it
provides a new or improved performance capability, even if at the
moment an application requirement does not exist. Each case, of
course, must be judged on its own merit, with careful considera-
tion of development cost and possible utility. The existence of
a continuing important application justifies product improvement.

Economic_advantage in established missions: Convincing indication of

a significant economic advantage over present engines in an es-

tablished operation can justify development of a proposed engine.

Fuil development of an operational engine is expensive; it raises
the question, Does the nation need its application? System cost-effec-
tiveness and mission analyses are generally utilized tc determine
whether the proposed engine will perform an important mission at a
lcwer cost than competing systems or that other engines cannot. These
studies can become very complex, involving cousideration, in some of
the military cases, of the complete force structure, the enemy's an-

ticipated force structure, and a postulated scenario of conflict,
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Thus, for example, a2 new bomber finds itself competing with ballistic
missiles for strategic zapplications. In spite of the reservations
that usually enshroud the results of mission-justification studies, it
is essential that these be done for major development proposals. For
example, aftexr the investment of $200 million in Project PLUTO toward
demonstrating that development of the nuclear ramjet was technically
feasible, the project was canceled because of lack of proof of a
military need adequate to buttress a projected multibillion-dollar
development. If it had been appreciated that Project PLUTO was fated
to become a contribution to advanced reactcr technology for some pos-
sible future application, then the program could have been planned to
obtain this information at a lower cost. A timely evaluation c¢f the
military worth of the system would heip to establish the scale and ex-
tent of the R&D effort.

It is even more difficult to provide a cogent rationale for space
missions; they are usually estahlished by decree based on such tenuous
considerations as national prestige, the advancement of our space
technology with the prospect of discovering a military application,
and the acquisition of scientific knowledge per se. For example,
Apcllo is an established mission, and the asscciated system develop-
ments receive full support. While there is much interest in the space
station, the lunar base, and manned exploration of the near planets,
Mars and Venus, these do not have the status of established programs.
A great deal of associated developmental activity has nevertheless
been generatad on the faith that the continued exploration of space
is in the national interest.

Without a decision to proceed with the development of a proposed
system, the procurement of design information .may still be desirable
as a hedge against the possibility of a sudden and urgent mission
need, provided that one of the above justifications for the engine
can be shown., Because of the low cost of engineering research rela-
tive to that of development, a broad program at this level has been
advocated. How far onc goes beyond research in the absence of a re-
quirement for the engine, currently one of the critical issues, will
be discussed in detail later, and the associated role of judgment will

be explored.
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The prospect of a substantial net economic gain from a large,
well-established, and continuing flight operation can be a streng jus-
tification for develcpment of a new engine. On the other hand, if the
extensive flight operation is a projection into the uncertain future,
if it is poorly defined, and if many optimistic assumptions 3are re-
quired to substantiate the cost advantage of the propised engine, then
the economic-gain justification is weak. HMany recoverable-hooster
proposals, for example, have foundered for this reason. When one looks
to the distant future, effort to provide a new flight capability is
more justifiable than effort to reduce cost predicated on traffic-

volume estimates.

THE ABSENCE OF A REQUIREMENT

Novel propulsion systems usually create a dilemma arising from
the following: (a) the engine promises interesting advanced flight
capabilities, (b) estimated development costs are high, (¢) at present
no requirement for the asscciatad mission has been established, and
(d) estimated development times are long. The anticipated long lead
time generates pressure from proponents of the novel engine for imme-
diate program initiation in order that engine development may be nearer
completion should an application requirement suddenly be generated;
however, in the absence of a requirement, approval for the associated
large appropriations is very difficult to obtain.

There is great concern that our current insistence on a mission
cequirement is unduly hampering our engine-development program and
that there is room for engine developments supported mainly by the
~ntuition of wise decision-makers blessed with much foresight.

James T. Ramey reflects this viewpoint in the article, "The Re-
quirements Merry-CGo-Round: Must Need Precede DevelOpment?”:(l4)

A problen, which has been with us for the past eight
years, is threatening to restrain the forwzard move-
ment of muct of our atomic energy program. This
problem arises from the practice of holding back the
development of new hardware until a specific mission

or requirement is formally established by the agency
that would use the hardware, such as the Defense
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Department or NASA. This practice has prevailed
despite the fact that the agency very often is not
ir a position to establish such a requirement un-
less the program is permitted to move forward to
the point of demonstrating its value. On the one
hand we are told we must have a formal requirement
before we can proceed with the development of a
device and, on the other hand, we have difficulty
finding a requirement until we have demonstrated a
developed device. Congressman Melvin Price (D,
Illinois) calls this chicken-and-egg dilemma the
‘requirements merry-go-round.’

He cites the development of the puclear submarine as a case in point,

Submarine nuclear propulsion plants which revolu-
tionized underwater wariare were developed under
Admiral Rickover's direction. The combination cf
thie nuclear submarine and missiles equipped with
nuclear warheads in Polaris-type submarines repre-
sent one of today's most effective weapons systems
for the defense of the free world. Yet this appli-
cation of reactor and warhead technology was not
conceived by anyone a* the time the work was car-
ried forward in the laire forties and early fifties.

When development costs are low or moderate, we are freer to
gamble that a new capability may eventually find application, but
when faced with developments in the billion-dollar class, much more
careful planning is required. In the absence of a firm application
requirement, we cannot completely ignore the novel propulsicn systems
which promise an advanced flight capability, while on the other hand
an arbitrary policy of funding engine developments on all interesting
proposals would place an unacceptable burden on the budget. Under
these circumstances, the (uestion of how far should one go down the
R&D path becomes paramount.

Exploratory efforts involving the acquisition of design informa-
tion ere initiated on a iarge number of promising engines with the
understanding that most of them may not prove worthy of advancement
to full development. Hence & definite point of review should be pro-
grammed for each exploratory effort, allowing a reasonable time for
acquiring good understanding of the technical probiems and insight

into the engine potential. 1If by that time no application require-

ment has evolved to warrant the expected developmental cost, then the
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effort should be curtailed after the desired information has been ac-
quired, unless there are important mitigating considerations, which
will be discussed later.

When a contractor or a governmental agency is provided with a very
expensive laboratory in support of a given engine program, the large
uncertainty that the engine will advance to full development shoulc be
recognized. To avoid the risk of a shert life, the laboratory should
therefore be established as a more general advanced-technology facility
with a directive to plan in the area of its application fcr a contin-
uing program in advanced concepts. The closing down of a laboratory
when the contract for the initial engine is terminated wastes not only
funds invested in setting up the plant and its test equipment but also
in assembling the staff and organizing an efficient operation (a proc-
ess that requires about three years).

The next step, considerably higher in cost, would be the prototype
development of the critica: .. _onents. If a mission requirement does
not evolve for some time after this development, then there is consid-
erable risk that the developed component will not be used because (a)
changes in application concept may impose & new set of requirements,*
and (b) advancement in technology and materials in the interim may ob-
solete the developed component. The new components would have their
speciali tailoring and fixing problems. When the development team
dissolves, & substantial part of the development art that resides in

the minds of the staff is dissipated. For these reasons the full de-

L2}

velonment cf &ait expensive rovel component (or engine) without a mis-

sion requirement represents in most cases an unnecessary iavestment

risk. (Variations on this theme will be discussed later.)

“For example, during the development of the ANP system, the posi-
tion of the high-speed penetration bombers was undermined by the ICBM
and the defense missiles, with the result that ianterest in the nuclear
engine began to shift toward its high-endurance capability for patrol,
command and control, and antisubmarine applications. This shift would
change the engine specifications.

“hSome overzealous protagonists of a propesed engine, by pressing
prematurely for a very expensive full development without a mission
requirement (which brings the whole concept to an issue at a most vul-
nerable time), have been rewarded by cancelation of the project.
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Moderate developmental costs and flexibility ¢f the engine ccn-
cept have led to some adventuring in exploratory development without
a requirement. For example, in the field of advanced turbojet engines,
ncertainty with regard to a requirement for a rew manned bomber, super-
sonic transport, or V/STOL airplane has led the engire companies to
gamble on the development of a gas-generator core consisting of a com-
pressor, combustor, and turbine which can be used as a turbojet engine
and whicii, by adding fan, compressor, and turbine stages, can be adapted
for many applications. Thus they hope, with a modest investment, to be
in an advanced state of developmental readiness regardless of how the
mission requirement evolves. This approach has merit where commonality
in design does nct introduce significant loss in nerformance compared
with engines designed specifically for the missions.

Rocket engines, like the turbojet, have arrived at a point where
centinued increase in size cannot be categorically predicted. There
will, of course, be a continuing upgrading of engine performance through
increases in coabustion-chamber pressure, advancements in propellants,
stronger casing materials, and improved nozzle design--all of which are
in research. However, the need for a rocket engine having an order-of-
magnitude-higher thrust than the F-1 would depend on whether extensive
space-transport operations will be approved to follow the Apollo mission.
Since development of an engine of this size could represent a billion-
dollar investment, the previous remarks concerning the level of effort
justified in the absence of a requirement again apply. In this case,
because the understanding of combustion instability is inadequate, the
large combustor represents one of the crucial problematical components,
and it should be included in a research program aimed at hedging against
a possible future need for larger engines. This program should again be
limited to phenomenological investigations arnd should not include 'de-
bugging" of a flight-weight combustion chamber in a developmental type
of operation.

Although full development of a component or engine without an appli-
cation requirement is in the main not advocated, the national policy, as
pointed out by Ramey, cannot be so narrowiy circumscribed. 7The R&D prob-

lem is sufficiently complex that all possible cases cannot be adequately
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adjudicated by a simple set of rules, and one suspects that there is
much room for judgment. The future safety and strength of the nation
is worth the possible risk cof funds in an occasional 4-velopmental
gamble on an engine having much potential but no immediate reguire-
ment. However, the concurrence of at least the following criteria

should be required for a favorable judgment:

1. Design information on the critical components is on hand,
and evidence cf developmental feasibilitv stemming from these data
is clear.
2. A step advantage in future missions is indicated by analyses.
3. An attractive initial application can be described that re-
quires engine performance within the compass of the available design

infonnation.

The lack of any one of the three criteria listed weakens the case
for a proposed development. fhe application of these criteria limits
very substantially the number of engine propecsals that require a deci-
sion on full development. For example, as was previousiy pointed out,
the promise only of # future cost advantage on the basis of very un-
certain and optimistic assumptions, as for some of the expensive recov-
erable-booster proposals, does not provide an adequate basis for an iﬁ-
vestment gamble on full development. The supersonic combustion ramjet
is a case where a clear advantage at hypersonic flight speeds within
the atmosphere is indicated but where further design data and a better
definition of an initial useful application to generate performance re-
quirements are needed before a decision to proceed with an engine de-
velopment comes to an issue.

Tre nuclear-rocket development is a case where the criteria pre-

vicusly mentioned were substantially met. Research information had

ot

indicated developmental feasibility, and mission analyses had indicated

“The primary problematicel component was the nuclear reactor. The
research data on the fuel elements on which feasibility was judged per-
tained to heat transfer, thermal conductivity, chemical and structural
stability at high temperature and under radiation, thermal shock, and
resistance tc erosion and corrosion by the high-temperature hydrogen
stream.
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a clear major advantage for the nuclear rocket over chemical rockets

in ambitious space missions (e.g., manned planetary expeditions cr large
logistic operations in support of a lunar base) and had provided some
insignt into the performance requiremerts for the iniilal engine. With
these indications, nuclear-rocket development was initiated through an
arbitrary decision, based largely on faith, that an expanding space ef-
fort is the way of the future and that these ambitious space ventures
are bound to be approved.

In the final analysis, after the mission-evaluation results and
the data supporting feasibility are on hand, the decision on whether or
not to proceed with development of a novel engine requires much judg-
ment, involving the weighing of intangibles like the probable civil and
military worth of the proposed future missions relative to their cost
in the context of the competing demands on the R&D budget. Included in
an exercise of judgment is often an element of faith.

tn expression of faith is largely subjective, arising out of a syn-
thesis of the believer's experience and intellectual background, his
understanding of the gains, costs, and risks, his sense of the flow of
history, and a philosophical and often largely intuitive process of
projecting from this base into the future. The support of the Apollo
systems and of the nuclear-rocket developuent rests on faith in a bur-
geoning space age. The following are some additional examples of ex-

pressions of faith that have been advanced in support of engine develop-

ments:

o A need will always exist for better manned interceptors,
bombers, and reconnaissance airplanes.

o} There will eventually be a nuclear-propulsion airplane
exploiting the extreme flight endurance made possible by
nuclear fuel.

o} There will be a continually increasing space power re-
quirement that will absorb any level of power that can
be developed.

o A need will be found for an efficient engine for atmospheric

flight at hypersonic speeds.
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Making such expressions of faith is a highly valued art. Xo at-
tempt is made here to evaluate the above expressions. The purpose of
this discussion is rather to indicate guidelines and to show that
there is a logical procedure for adventuring into new propulsion areas

which tends to reduce investment risk.

FULL. ENGINE DEVELOPMENT

The contracting azencies for engine development are continually
confronted by flight casks of increasing difficulty which impose ever
more difficult requirements on the engine. For this reason, and be-
cause of the stimulus of competition, contractors press beyond the
state of the art. A great deal of judgment is required on how and
where to adventure.

A development may fail to attain its objectives at the expiration
of its contracted funds and time because (a) the performance goals
called for unreasonable extensions of the state of the art, (b) unex-
pected difficulties were encountered, and (c) the contractor and his
design concepts were inadequate.

It is not unusual for most developments to run into unexpected
difficulties. If it appears that these prcblems are being overcome,
that success is imminent, and that the engine is still useful, then
extension in development time and funds is generally granted. However,
if at the date of reckoning, the engine is still encountering much 4if-
ficulty and a competitor's engine is showing more promise, or the ap-
plication has disappeared, then the engine development is canceled.

Engine components are generally designed light with the hope that
only a few are inadequate in strength. When these inadequate compo-
nents are uncovered in the development program, they are made stronger,
usually with some increase in weight, and in this way one approaches a
functional lightweight engine. Thus engines usually grow heavier as
the development program proceeds. If the final engine does not meet
the performance goals originally specified but does perform satisfac-
torily at a somewhat lower level, it mayv still be a useful engine.

An increase in specific weight or specific fuel consumption may be
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compensated by a reduction in payioad or range. Although the bet*er
per formance would be preferred In some applications, the reduced per-
formance may still be acceptable.

However, if the application for which the engine is intended is
critically dependent on attainment of the specified performar.ce ob-
jectives, then a substantial miss of an objective might jeopardize
the entire project. The supersonic transport is a case in point. The
range is set by the terrestrial geometry of the points of call, and
the passenger load is set by the economics of the operation in the
context of its competition. If the engines are too heavy, one could
of course offload passengers. An excessive specific fuel consumption
could also be compensated by offloading passengers, provided that the
airplane is designed to accommodate the extra fuel. 1In any event, an
airplane development that has no allowance or tolerance for the con-
tingency of some degradation in attainable engine characteristics
would be extremely risky.

The desirability of funding the development of critical probiem-
atical components prior to initiating full engine development when a
ma jor advance over the state of the art is being specified has been
discussed. When achievement of a scheduled operational date is vital,
and when other investments like airframe development hang in the bal-
ance, it may be expedient to reduce the risk ir engine-contractor per-
formance by supporting more chan one design concept with competitive
contractors. A choice of concept for full development fvllowing some
background of problematic component development enhances the proba-
bilty of success. When warranted by the importance of the applica-
tion, and when challenging engine endurance is a crucial requirement,
it may be expedient to carry more than one promising design concept
into full development.

Ultimately the capability of an engine must be proven in flight
test. Flight-testing is expensive because of the high cost of the
flight vehicle, associated flight systems, and flight epevations, and
the slow test pace caused by (a) lengthy preparaticn of the large
amount of equipment, in addition to the test engine, that must be

brought to a high ievel of reliability and (b) delays introduced by
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inclement weather. Thus the cost per test can be an crder of magni-
tude larger in flight-testing than in ground-testing. Flight-testing
should not be employed for finding and eliminating those defects which
could have been found in a ground facility. Premature initiation of
the flight-test program risks greatly increasing the cost of a develop-
ment by inviting many flight failures.

In a number of prcpesals for engines where much controversy is
expected, the development plans often .ontain a very early flight dem-
onstration of feasibility following an austere ground-test phase. If
by chance the engine succeeds in this flight test, an extemsive devel-
opment operation ian a ground facility to achieve specified performance,
endurance, andé reliability goals is still required. On the other hand,
failure of the flight test is not proof that the proposed engine is in-
feasible nor that the design is basically unsound; failure must always
be expected in the flight test of an advanced system early in its de-
velopment and may come from causes that can be readily ccrrected.
Premature flight-test proposals stem not from the logic of development

‘ning but rather from program-sales motivations.* It is an unwar-
.anted early investment risk in a desizn or structure that may be in-
adequate.

When ground-test facilities for developing a proposed engine are
aot available and their construction is very expensive, the expedient
of employing flight tests is often suggested. The extensive tailoring
and fixing operation required to develop an advanced engine in flight
is exorbitant bothk in cost and time. Extreme cost of a ground-test
facility may be an adequate reason not to develop a proposed engine,
but it is not a good reason for substituting development by flight-
testing. If an adequate ground-test facility cannot be couceived,
then only an engine of very exceptional potential worth would justify
the very costly and lengthy development by flight-~testing--a case that

would be difficult to make for any of the current novel-engine proposals.

w

Consideration of the merits of early flight demcnstration as a
program-promotion device in the highly competitive world of R&D ie
beyond the scope of this Memorandum.
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V. AN ILLUSYRATIVE REVIEW Or THE AIRCRAFT NUCLEAR
PROPULSION SYSTrM DEVELOPMENT

The ANFP project was one oI the first of the novel systems having
a high development cost. It was allowed to proceed to an advanced
state of development, and its extensive history permits highlighting
of many of the principles discussed in this Memorandum. It is not
the intention of this discussion io criticize the management of ANP;
the situation was new and complex and wisdom came through hindsight.
It is presented here for its instructional value. An extensive review
of the ANP program, from which the data in this section were taken, 1is
given in Ref. 15.

A reésumé of the historical portion of ANP pertinent to this dis-
cussion is shewn in Table 1. The initial investigation of nuclear
propulsion, designated the NEPA* project, largely a feasibility study,
was terminated in 1951 and was replaced by the development project
known as ANP, supported by Air Force and AEC contracts to General
Electric and Pratt & Whitney for the propulsion system, and Coavair
and Lockheed for related aircraft effoerts.

General Electric received the major part of the funds for devel-
opment of the system, comprising a turbojet and a direct air-cooled
reactor. Pract & Whitney was supported at a lower funding rate as a
backup effort on systems employing an indirectly cooled reactor. They
studied a circulating-fuel reactor (CFR) in collaboration with 0ak
Ridge National Laboratory, a supercritical water reactor, and a
lithium-cooled reactor and chose the latter for their subsequent de-
velopmental effort. General Electric initially estimated that the
first power plant would be delivered o Convair in May 1956 at a pro-
gram cost of about $188 million.

The direct air-cooled system was chosen for the primary effort
because it was the simplest system. It comprised a turbojet engine
in which the reactor replaced the combustion chamber and the air from
the compressor was heated directly by passage over the reactor fuel

elements. In the indirectly ccoled reactor systers a liquid reactor

¥
Nuclear Energy for Propulsion of Aircrafc.




Table 1

SOME LANDMARKS IN ANP DEVELOPMENTAL HISTORY

Date

Item

May 28, 1946

April 30, 1951

September 1952

December 1953

February 1955

January 1956

Mid-1956

January 1957
July 1957

August 1957

Early 1958
Mid-1958
Early 1960

Early 1961

NEPA project initiated under Fairchild

NEPA terminated and responsibility transferred to
GE, who eztablished direct air-cooled cycle as
their choice in fall of 1951

P&W started study of indirect cycles including
supercritical water-reactor system and ORNL

started CFR investigation

P&W abaadoned supercritical water and concentrated
on CFR with ORNL

AF instituted WS 125A, and design of XMA-1 power
plant was initiated shortly afterwards

GE started testing HTRE 1 with a J-47 for air
supply

Construction started on a CAMAL test facility for
P&W

AF cancelled WS 125A

Testing started on HTRE 2

AF withdrew support from P&W®

AEC stopped work at ORNL on CFR and shifted effort
at P&W wholly toward lithium-cooled reactor system

First run on X-211 turbojet engine on chemical fuelb

Firsc test on HTRE 3, which continued to end of 1960

GE reoriented its effort (o ceramic reactor

ANP canceled

4p&W continued development of the J-91 engine (400 lb/sec airflow)
on chemical fuel until it passed the 50-hr test, at which point its
development was terminated.

b

The GE X-211 engine (400 1b/sec airflow) had accumulated 214 hr
of operation of four engines employing chemical fuel by March 1959.




coolant was used which transferred its heat to the air in the turbojet
engine through a heat-exchanger system consisting of a liquid-to-
liquid lcop and a liquid-to-air loop.

The ANP program was characterized by the many changes in direc-
tion indicated in Table 2. However, the scale of the effort and the
developmental planning stemmed largely from an Air Force statement to
the AEC in December 1953 that chere was an urgent need for nuclear-
powered aircraft, and from the establishment cf Weapen System (WS) 1235A
in November 1954 as an official Air Force requirement. General Opera-
tional Requirement (GOR) 81, issued in March 1955 relative to WS 1254,
specified a cruise speed of not less than Mach 0.9, supersonic speed
in the combat zone, and a date of 1963 for availability of operational
units., In June 1955, the AEC and DCOD agreed to accelerate the ANP
program tc enable testing of a prototype propulsion system in about

1959.

Table 2

A SUMMARY OF THE MAJOR CHANGES IN PROGRAM
EMPHASIS AND DIRECTION(!)

Length
Period of Time
Program Emphasi.s From To (months)
Flight-demonstration program
(X-6) April 1952 May 1953 13
Applied R&D May 1953 November 1Y54 18
WS 125A program November 1954 December 1956 25
Experimental development
program--no flight
objectives January 1957 Marcin 1957 2
Experimental development
program--flight objectives | April 1957 February 1958 10
Development program--flight
ovjective in militarily
useful aircraft March 1958 October 1958 7
Develcpment program for
CAMAL mission October 1958 July 1959 9
R&D program July 1959 March 1961° 20

a . ,
ANP termination.
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These requirements established the large size of the engines, the
high turbine-inlet air temperature to give the high cruise speed, and
concurrent development of the reactor and the other turbojet compo-
nents to meet the operational date. Although WS 125A was canceled in
December 1956, the engine and reactor requirements and the develop-
mental funding pace continued until termination of ANP in 1961 on the
momentum established by WS 125A (see Table 3). Following cancellation
of WS 125A, the Air Force substituted as its objective for ANP a mis-
sile carrier designated CAMAL* that was capable of long-endurance patrol
and could fly near sea level (i.e., 500-ft altitude) at a speed of about
Mach 0.83 to (6.9 for alert missile patrol, penetration bombing, and re-
connaissance. CAMAL never attained formal approval by the DOD as a
weapon system. GOR 172 issued by the Air Force relative to CAMAL set
target dates cf 1962 for flight demonstration c¢f{ an airplane propelled
by a prototype nuclear engine, and 1966 for the weapon system to be
operational in the Strategic Air Command. Both GOR 81 aud 172 remained
in force until superseded by Advanced Deveiopment Objective (ADO) 20 in
November 1960, which reduced the project to an exploration of advarnced
reactor concepts.

For the most part, the reactor development was funded by the AEC,
and the remainder of the engine by the Air Force (see Table 4). The
Air Force also funded reactor-shielding studies and airframe analysis
and research. The turbojet engines were to be developed on chemical
fuel in parallel with the reactor. In the General Electric development
the complete engine was designated the MXA-1 and was to consist of two
X-211 turbojet engines connected in parallel to a common reactor.

All of the elements of the drama have now been indicated:

1. A system containing a novel primary problematic component,

namely, a high-temperature, aircraft type of nuclear reactor
on which there was no prior developmental experience
2. A difficult engine-performance objective imposed by the re-

quirement for high flight speed

xContinuously Airborne Missile Launcher and Low Level Weapon System.
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3. A very large engine size set by a weapon-system requirement

4. An early scheduled operational date which provided the pres-
sure for concurrent engine and reactor development

5. An early defirition of the weapon-system application

All of these elements conspired to make the ANP program very expensive

and a very-high-risk operation.

Table 3

ANP COSTS BY AGENCY(IS)
(Millions cf dollars)

Fiscal Cost by Agency Total
Year AEC USAF USN Cost Comments

1946-51} 7.46 | 19.95 j 1.50 | 28.91 | NEPA project

1952 11.25 7.78 0.50‘ 19.53 Start of ANP with contracts to
GE, P&W, Convair, and Lock-
heed

1953 20.93 | 22.96 | 0.18| 44.07 | AF informed AEC there is high-
est priority, December 1953

1954 23.93 | 11.94 | 0.10| 35.97 | ¢ceivinnnn.

1955 27.48 | 16.83 | 0.49| 44.80 | WS 125A established, November
1954

1956 49.41 | 38.06 | 3.72| 91.19 | First test of HTRE 1, November
1655

1957 79.15 | 99.38 | 1.46| 179.99 | WS 125A terminated, December
1956

1958 73.12 [103.63

~
.

w
(S

179.31 | First test of HTRE 2, August
1957, and of HTRE 3, 1958

1959 76.40 | 79.13 1.77 | 157.30 | CAMAL established, October
1958

1960 69.18 | 63.34 | 1.77| 134.29 | CAMAL terminated and project
shifted to advanced reactor
development, July 1959

1961 69.29 | 54.53 ....| 123.82 | ANP terminated, March 1961

Total |507.60 |517.53 {14.05)1039.66 | ..........
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Three reactor versions, HTRE 1, 2, and 3, had been built by General
Electric and tested, and the {-211 turbojet engine was in an advanced
stage of develooment, operating on chemical fuel. However, the reactor
and engine had not yet been mated for test of the complete nuclear
propulsive system when ANP was canceled, after an investment of $§1
billion, in March 1961. A turbojet engine for the indirectly cocled
reactor was likewise in its final development stage at Pratt & Whitney,
although a reactor for this system had not yet been constructed.

The gamble on concurrency had not paid. The reactor was far below
the promised performance. When this was apparent just before the can-
cellation of ANP, the Air Force ordered (threcugh ADO 20) that effort on
the metallic, direct air-cooled reactor be terminatec and the funds ap-
plied toward the lithium-cooled reactor and the ceramic air-cooled re-
actor. Each of these reactors would require a development time of
probablv more than five years; thuc the investment of about $500 million
by the Air Force on the turbojet engines and on other nonreactor items
(Table &) proved to be premature.

Was there a reasonable basis for this gamble on concurrency? Prior
te the construction of the first test reactor, research on nichrome fuel
elements aud other reactor components indicated that the proposed pro-
pulsion system could fly an airplane. However, the small margin between
the highest allowable fuel-element hot-spot temperature and the desired
average air temperature at the reactor exit, requiring very careful dis-
tribution of reactor power and airflow to provide the high performance

of interest to the Air Force, identified the reactor as the primary prob-

lematical component and gave warning of a lengthy reactor development.

(In contrast, the operational conditions for the compressor and turbine
for the desired flight performance were well within the existing state
of the art.) The difficulty of cbtaining a high reactor-discharge-air
temperature was confirmed in the subsequent tests on the three reactors,
HTRE 1, 2, and 3.* Reactor tests started in November 1955 on HTRE 1 and

terminated in December 1960 on HTRE 3.

“HTRE 1 was a water-moderated reactor. HTRE 2 was also wate: -
moderated but was provided with a test chamber for installation of ex-
perimental fuel elements. HTRE 3 contained zirconium hydride as mod-
erator and approached a flight prototype.
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The final tests on HTIRE 3(10) resulted in an air

temperature con-

siderably lower than that desired for military application, and an im-

provement of less than 200°F over HIRE 1.

Endurance Elevated
Run Performance
(126 hr) (20.3 hr)
Mixed-core discharge-
air temperature,9F ....... 1330 1370

Maximum fuel-elements
temperature,®F ........... 1900

1986

Thus at the issuance of ADO 20 in November 1960, which arranged

for the terminaticn of effort on the metallic, air-cooled reactor, it

was evident that the development of this reactor to obtain the desired

air temperature would be very difficult and long.

At no point in this

reactor history was sufficiently interesting performance obtained to

warrant extension of the program beyond a reactor development. The

argument that the turbojet engines developed under ANP or some of their

components might eventually find other applications, and hence might

not represent a total loss, is too tenuous a justification for risking

funds in their development.

The reactor deficiency was officially recognized as early as

October 1956 when the Assistant Secretary of Defense, Research and

Development, advised the Secretary of Defense that

The scope of the nuclear-powered supersonic air-
craft system be changed tc that of a research
program, oriented to realize the radical improve-
ment necessary to make a nuclear-propelled air-
craft system which was a major advance over a

chemically powered aircraft system.

All phases auxiliary to the demonstraticn of re-
actor feasibility be deferred, i.e., engines and

unessential facilities.

As the success of the above research activities
warranted, system studies and engineering feasi-
bility determinations be made to establish whether
a nuclear-powered aircraft would be a major ad-

vance over a chemically powered aircraft,

- —— 44— - a4
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Further development of a nuclear-powered aircraft
for service u 2 be deferred until research, compo-
rent development, feasibility, and system studies
ali indicated concurrence that nuclear propulsion
should be employed.

However, as pointed out in Ref. 12, the DOD was somewhat slow in imple-
menting its conclusions, and both reactor and engine development con-
tinued substantially until termination of the project in 1961.

The question of policy on the development of expensive engines
without an established military requirement was sharply brought te light
by the ANP project, and it is still largely unresolved. The continued
effort of the Air Force to tie this development to a weapon system re-
flected the impression that projects involving hundreds of millions of
dollars would not otherwise receive DOD support. The DOD's conserva-
tive philosophy on expensive projects without a weapon-system require-
ment was probably also shared initially by many elements cof the Air
Force command; however, evidence of some liberalization of the point
of view of the military occurred toward the end of the program. This
was indicated by the following statement by the Deputy Secretary of

Defense summarizing the guidance on ANP received from the Joint Chiefs
of Staff on July 19, 1959:

Briefly stated, the Joint Chiefs of Staff expressed
their conviction that there is considerable mili-
tary potential in the nuclear-powered aircraft and
that early achievement of the capability fecr nu-
clear flight would be in the national interest,

They stated, however, that they were unable at

this time to establish a military requirement for
nuclear-powered aircraft or to define the specific
weapon system for which it would be used. With re-
spect to the future course of the develepment pro-
gram the Joint Chiefs of Staff advised that the
present program should be extended to include flight
test as soon as technically feasible. The test ve-
hicle selected should be capable of testing any of
the engines that may be developed and the program
should enable the application of advances of reactor
technology as they occur.

During the ANP project, the advent of the ICBM weakened the posi-
tion of the bomber as the principal Air Force strategic weapon-delivery

system. In fact, since the B-58 the Air Force has not been able to

make a successful case for a new bomber, as evidenced Sy the resistance
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cf the DOD to the B-70 and other proposed advanced manned strategic
aircraft. Thus, even if the direct air-cooled nuclear turbojet engire
achieved the desired design performance, an operational bombing force
based on this system would probably not have been approved by tne DOD.
Sizing of this engine to the very high thrust needed for the bomber
application resulted in high cost of hardware, test facilities, and
operations. In applications for ANP now being discussed emphasizing
the long-endurance capability of the system (e.g., missile patrol, com-
mand and control, and antisubmarine warfare), much smaller engines and
much lower turbine-inlet temperatures could be used than were required
for the bombers. From this point of view the development difficulty
would be eased. But these applications would probably also require
completely shielded reactors, possibly calling for development of the
more compact but more complex indirectly cooled reactor system. Thus
the lesson that must be borne in mind in planning for any novel pro-
pulsion system which may require a very long development time is that
possible changes in application concepts may drastically affect design
requirements for the engine. Thus application-oriented decisions that
involve costly commitment should not be made prematurely.

Apropos of this evolving uncertainty in application, the Director
of Defense Research and Engineering transmitted the following comments
on July 7, 1959:

In our opinion, no possible (within reason) ANP de-
velopment program can lead to an operational capa-
bility which the military could depend on for impor-
tant and useful missions before approximately 1970.
Since no one can foresee what the military situa-
tion will be at that time, it is not possible to
describe in any detail what ANP will be used for,
although a number of disparate possibilities, in-
cluding CAMAL, logistics, and ASW or AEW/C surveil-
lance, have been prornsed. Similarly it is not
possible to ''prove" as is sometimes attempted, by
means of ccst effectiveness studies based on present
requirements, that ANP is not useful. A recent
paper of the Joint Chiefs of Staff, dated 19 July
1959, solidly supports this view, and stated that
while no definite military requirement can be stated
at this time, the continued development of ANP is

considered as very important and potentially very
useful.

— - —_— ——— P
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It is our view that during most of the last 13 years
and the expenditure of most of the $900 million, the
ANP program has been characterized by atrempts to
find short cuts to early flight and by brute fcrce
and expensive approaches to the problem. Thus we
find that only a relatively very small fraction of
the funds and energies applied to this program has
gone into trying to develop a reactor with a poten-
tially high performance. Most of the resources
have been applied to attempts to Jeveiop materials
which could "fly soonest'; to develop turbine ma-
chinery; to build facilities, many of which would
only be needed in support of a flight program; to
conduct experiments on the radiation resistance of
tires, oils, insulation, electronic components, etc;
and to develop new components for use in the unique
environment which would be encountered only in the
divided-shield situation as found in CAMAL and the
old WS-125A. As a result of this approach to the
problem we are still at least four years away from
achieving flight with a reactor-engine combination
... wiich can just barely fly.

It is, of course, fruitless now to speculate on whether a state-
menc of faith in the ultimate utility of ANP instead of the weapon-
system argument would have won approval for the large appropriations
needed to develop this engine. This kind of justification would
probably have reduced the pressure for an early operational date and
might have led to focusing the initial effort on reactor development.
But even with the wezpon-system objective, in view of the complete
absence of prior development experience on a high-temperature reactor
suitable for a flight system, the investment risk should have been
limited by holding in abeyance investment in other engine components
until an indication of interesting performance was obtained on the
reactor. The turbojet-engine-component developments contribute little
to the legacy of advanced technology derived from this program, and
their elimination, along with other ancillary items, would have saved
nearly half of the total investment. Furthermore, because the reactor
was the long-lead-time component, some delay in starting on the other
parts of the engine would not necessarily have delayed the engine op-
erational date.

Where does ANP stand now? A case for an application based on

cost effectiveness is still difficult to make. When chemically fueled

——————— = pog——petrt. oot — e -
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engines can perform the same mission, they usually prove supcrier to
the nuclear system in terms of cost effectiveness except for some very
special cases of uncertain military importanca. The nuclear system
must find justificatioam in the exploitation of its unique extreme-
endurance capability. Possibly experience with nuclear-aircraft op-
erations may lead to the invention of an important application made
feasible by the aircraft's flight endurance. Or, as in the case of
the nuclear submarine, the invention of a weapon may suddeanly give
this system pew importance. At present it would require an arbitrary
high-level decision, probably based largely on faith, to reinstate the
development of a nuclear airplare for investigating long-endurance
applications. In the absence of this decision, a periodic re-evalua-
tion of the performance potential provided by growing reactor tech-
nology and a research program to upgrade this technology are at least

justifiable,

-
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Appendix A

ILLUSTRATIVE ROCKET DEVELOPMENT TESTS

This appendix contains several tables taken from the developmental

test programs for two rocket engines.

part of the total program.

Table 5

These tests represent & swmall

SAMPLE PROBLEM SUMMARY IN THE DEVELOPMENT
OF THE TURBOPUMP FOR ROCKET ENGINE A

Problem

Action

Axial thrust control unsatisfactory

Turbine-r-nifold inlet guide vanes
cracking

Turbine-manifold diaphragm-to-torus
weld joint cracking

Turbine-manifold hanger brackets
cracking

Oxidizer-seal carbon nose breakage
and leakage

Oxidizer-seal snap-ring retention
unsatisfactory

Shaft failure during oxidizer pump
explosions

General oxidizer-seal leakage
Turbine stator vanes cracking

Turbine-wheel failures

Fuel pump not meeting NPSH require-
ment

rovide stronger bearings with
increased diameter front wear
ring

Provide thicker vanes

Procure vaneless manifold with
local increase in torus wall
thickness

Procure and test diaphragms with
Inconel buffer ring

Provide Hastelloy buffer strips

Shrink on ring

Lock retaining ring in housing

Redesign inducer-~to-shaft and
impeller-to-sharit attachments

Frovide dirt trap
Grind leading edge to increase
radius

Procure and test thicker wheels

Redzsign and test model

T At Wt . . - g ——rion
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Appendix B

DEPARTMENT OF DEFENSE DIRECTIVE 3200.9 ON "INITIATION OF
ENGINEERING AND OPERATIONAL SYSTEMS DEVELOPMENT"*

The following excerpts from this directive relate to the discus-

sion in this Memorandum.
V. OBJECTIVES

A. The objective of Concept Formulation is to provide the tech-
nical, economic and military bases for a conditional decision
to initiate Engineering Development.

B. The overall objective of Contract Definition is to determine
whether the conditional decision to proceed with Engineering
Development should be ratified. The ultimate goal of Contract
Definition, where Engineering Development is to be performed
by a contractor, is achievable performance specifications,
backed by a firm fixed price or fully structured incentive
proposal for Engineering Development. Included in this over-
all objective are subsidiary objectives to:

VIi. POLICY

B. Application

1. All new (or major modifications of existing) Engineering
Developments and Operational Systems Developments as de-
fined in refcience (b),”  estimated to require total
cumulative RDT&E financing in excess of 25 million dol-
lars, or estimated to require a total prcduction invest-
ment in excess of 100 million dollars, shall be in ac-
cordance with this Directive unless specific waivers
are granted by writtasn approval of the Director of De-
fense Research and Engineering.

2. Other projects may be required to be conducted in ac-
cordance with this Directive, in whole or in part, at
the discretion of the DoD Component or as directed by
the DDR&E.

“This directive was issued on July 1, 1965, and supersedes the
directive bearing the same number and entitled, "Project Definition
Phase."

%%

DeD Instruction 3200.6, "Reporting of Research, Development and
Engineering Program Information," June 7, 1962.
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Concept Formulation

The experimental tests, engineering, and analytical studies
that provide the technical, economic and military bases for
a decisicn to develop the equipment or system will be ac-
complished in the Concept Formulatiorn period. Conditional
appreval to proceed with an Engineering Development will
depend on evidence that the Concept Formulation has accom-
plished the foilowing prerequisites:

1. Primarily engineering rather than experimental effort

is required, and the technology needed is sufficiently
in hand.

The mission and performance envelopes are defined.

The best technical approaches have been selected.

& thorough trade-off analysis has been made.

The cost effectiveness of the proposed item has been
determined to be favorable in relationship to the cost
effectiveness of competing items on a2 DoD-wide basis.

6. Cost and schedule estimates are credible and acceptable.

wmwawe

Technology Advancement

The key criterion in the degree of techrology advancement
permitted in Engineering Development is the level of con-
fidence in the probability cf successful development. It

is not intended that a system will be limited to an assembly
of off-the-shelf components. It is intended that the tech-
nology that is required to meet 2 system specification not
exceed in quantitative performance that which can be demon-
strated either in development form or in laboratory form.
Projection into Engineering Development cf anticipated de-
velopmental achievement will be permitted cnly when suffi-
cient quantitative results have been cobtained, in laboratory
or experimental devices, to allow such projection with a
high confidence. 1In general, these projectionms will assume
the probability of Engineering Developments matching but not
exceeding laboratory results.
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