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While the ballistic missile itself is less flexible than the
manned bomber when comparing weapon with weapon, its addi-
tion will definitely add a considerable measure of flexibility to our
forces as a whole. Its reaction time and speed of flight are very
valuable characteristics in a situation requiring immediate re-
sponse to an attack. The ballistic missile will also permit greater
versatility for our forces by relieving the manned bomber of those
heavily defended targets where the cost of attacking with bombers
would be too high and where precise accuracy is not mandatory.
In considering the characteristics of the bomber and the ballistic
missile, it appears that for many years to come an optimum force
will make best use of both weapons.

The creation of the ballistic missile has been a tremendous
undertaking, surpassing even the Manhattan Project in scope and
goals. In the not too distant future the ballistic missile will enter
our forces as an operational weapon. We must be ready to receive
it and use it effectively. It is sufficiently different in almost every
phase of Air Force experience to create many problems. Some of
the problems which we are facing and will face in the future are
discussed in this issue of the Quarterly Review so that Air Force
members may see them in context and begin thinking about them.

With each passing year the ballistic missile will become more
important as an instrument of national policy. As the missiles
take their place alongside manned bombers, we in the Air Force
must bend ourselves to the task of creating for our country the
best possible air power we can produce. Our problem is to exert
a steady, unremitting pressure against war over the years ahead.
We must hold ready, night and day, for every day of every year, a
counterstroke so powerful, so swift, and so deadly that no aggressor
could resort to war against us and expect to survive.

Headquarters United States Air Force



The USAF
Ballistic Missile Program

MAajor GENERAL BERNARD A. SCHRIEVER

HE USAF ballistic missile program is the largest military

development program ever undertaken by this nation in

peacetime. Compared to previous programs, it involves
many simultaneous technical advances in the state of the missile
art. Among these are development of equipment to produce
high engine thrusts, great accuracy of guidance, and equipment
to resist high speeds and temperatures. It also requires greater
expansion of production and test facilities than has been true of
any other Air Force program. It is a single, integrated program,
based upon years of Air Force missile and aircraft experience.
From it operational weapon systems will emerge for the inter-
continental mission and the intermediate-range mission. The Air
Force with its firm belief in utilizing all elements of science and
industry has assembled the strongest scientific-industrial-military
development team that it could to perform the complex and vital
development-operational task for these missiles.

Program origins

The Air Force has been actively interested in ballistic mis-
siles since the closing days of World War 11, beginning with our
knowledge of the German V-2 program. The V-2, remarkable
development that it was in view of the time allotted for develop-
ment and operations, had notable shortcomings. Its payload was
small and its accuracy questionable. Economically, as a military
weapon, it was costly. Its range was far less than that of aircraft,
which could deliver more payload with greater accuracy. It was
only resorted to when the Allied air forces drove the Germans
from the skies.

These facts were well known to us. Consequently Air Force
ballistic missile development work following World War 11 con-
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centrated on first extending the state of the missile art, particularly
in propulsion and guidance.

In 1946 the Air Force began an orderly and systematic missile
development program. Contracts were negotiated with North
American Aviation for rocket propulsion and long-range missile
(Navaho) development, and with Consolidated-Vultee Aircraft
(now the Convair Division of General Dynamics Corporation) for
study and investigation of missile guidance and control, rocket
engine swiveling, and lightweight missile structures.

Our most advanced rocket power plant today is a direct result
of this North American contract. Similarly our current ballistic
missile program profited heavily from Consolidated-Vultee design
and testing under Project MX-774.

The Air Force ballistic missile program benefited during the
postwar years from other Air Force long-range guided missile pro-
grams such as Matador, Snark, and Navaho, and from air defense
missile developments. All contributed to the solution of ballistic
missile propulsion, guidance and control, and structural problems.
Also aircraft and engine programs contributed advances in turbo-
pumps, heat-resistant materials, combustion theory, autopilots,
radio-inertial and all-inertial guidance, and so forth. Such progress
was cumulative and did much to solve outstanding technical prob-
lems of long-range missiles.

The Air Force ballistic missile development program was
kept at a relatively low level until 1950, because more conven-
tional guided missiles appeared to offer the best and easiest solu-
tion to the range/payload/accuracy problem which faced long-
range strategic missile designers. Economic factors related to the

Major General Bernard A. Schriever, Texas A&M: M.S. Stanford University, is
Commander, Ballistic Missile Division, Hq Air Research and Development Com-
mand. Receiving a reserve commission in the Field Artillery upon graduation
from college, he completed flying training in 1933. In 1937 he reverted to in-
active status and became a pilot for Northwest Airlines. Re-entering the Air Corps
with a regular commission in 1938, he became a test pilot at Wright Field in
1939. Here he also attended the Air Corps Engineering School. In 1942 he went
to the Southwest Pacific with the 19th Bomb Group, where he flew 63 combat
missions. In 1946 he became Chief, Scientific Liaison Section, Deputy Chief of
Staff, Materiel. After graduating from the National War College in 1949 he
served as Assistant for Evaluation, Office of the Deputy Chief of Staff, Develop-
ment. In May 1954 he became Assistant to the Commander, ARDC, and in
August of that year he entered on his present assignment. As Commander of BMD,
with his headquarters in Inglewood, California, General Schriever has immediate
control and supervision over all aspects of the Air Force ballistic missi.le’ program,

i —
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cost of development also played a part in this situation. In par-
ticular, two inhibiting factors were the lack of an attractive pay-
load in terms of weight versus yield, and concern over how to
protect this payload on re-entry. The re-entry problem was con-
sidered to be a particularly knotty one.

By 1950 Air Force development agencies felt that enough
progress had been made in these areas to warrant study and
limited design of an intercontinental ballistic missile. A contract
was awarded to Convair* in early 1951 for the development of an
ICBM. This was the original Atlas program, on which conserva-
tive development policies were followed because of the technical
problems still to be solved. By 1953 impending solution of most
of these problems allowed design and initial construction of Atlas
vehicles.

The “thermonuclear breakthrough”

This was the status of the program when several new factors
altered the development picture. The first was the “thermonu-
clear breakthrough” of 1952-53, when Atomic Energy Commaission
advances in nuclear weapon technology pointed the way to the
design and production of small, high-yield warheads.

To this factor, tremendous in its implications as it was, must
be added a second. In 1953 the Department of Defense conducted
a vigorous examination of all long-range missile programs. In its
report the Department of Detense guided missiles study group of
the Armed Forces Policy Council recommended that strategic mis-
sile programs could best be evaluated by a special group of the
nation’s leading scientists. To perform this evaluation, Mr. Trevor
Gardner, then Air Force Special Assistant for Research and De-
velopment, established the Air Force Strategic Missiles Evaluation
Committee, also known as the “Teapot” Committee. It was com-
posed of outstanding scientists and engineers and chaired by the
late Professor John von Neumann,** then of the Princeton In-
stitute for Advanced Study and later an AEC Commissioner.

Thoroughly aware of the implications of the thermonuclear
breakthrough, and supported by independent studies of organiza-
tions such as the RAND Corporation, Mr. Gardner and his group
made positive recommendations that a redirected, expanded, and
accelerated Atlas program be established. In its report the Com-

"Convair had carried on studies of its own in ICBM arcas after completion of its original

ballistic missile contract in 1948.

! ‘“Other members of the Committee were Professor Clark B. Millikan, California Institute
of Technology: Professor Charles C. Lauritsen, California Institute of Technology; Dr. Louis G.
Dunn, California Institute of Technology; Dr. Hendrik W. Bode, Bell Telecphone Laboratories;
Dr. Allen E. Puckett, Hughes Aircraft Company; Dr. George B. Kistiakowsky, Harvard Univer-
sity. Professor J. B. Wiesner, Massachusetts Institute of Technology; Mr. Lawrence A. Hyland,
Bendix Aviation Corporation; Dr. Simon Ramo, Ramo-Wooldridge Corporation; and Dr. Dean
Wooldridge, Ramo-Wooldridge Corporation.



8 AIR UNIVERSITY QUARTERLY REVIEW

mittee concluded that if the program was given increased priority
and funding, and if direction of the program was placed under
the control of a strong development-management organization, an
operational ICBM could be achieved years sooner than might
otherwise be possible.

The Air Force approved the “Teapot” Committee’s recom-
mendations in May 1954. Directives were issued assigning the
program the highest priority in the Air Force. The Air Research
and Development Command was directed to establish a field
organization with a general officer in command to exercise com-
plete authority and control over all aspects of the program. Direc-
tives were issued that the program was to be reoriented and
accelerated to the maximum extent that technology would permit.

In August 1954 the Western Development Division (now the
Air Force Ballistic Missile Division of Headquarters ARDC) was
established in Inglewood, California, to perform these tasks. At
the same time, to perform procurement and contracting functions
for the new program, the Air Materie] Command established the
Special Aircraft Project Office (now the Ballistic Missiles Office,
Directorate of Procurement and Production, Headquarters AMC),
at the Inglewood location. This organization, under Brigadier
General Ben I. Funk, performs the normal range of AMC func-
tions on an expedited basis.

In early studies of what type of organization should be set
up to manage and direct the program, all advisers were insistent
that centralized management control of the project was necessary.
The task of technical direction and systems engineering was con-
sidered more complex than that encountered on the original atom
bomb project. After study, the decision was made that the Air
Force would retain over-all system responsibility and contract for
a technical and scientific staff. Obviously a strong team of scientists
and engineers was required to perform these functions. After
thorough consideration of this need, the Ramo-Wooldridge Cor-
poration was selected to provide the important systems engineer-
ing and technical direction of the associate contractors who made
up the development team. They provide the scientists and engi-
neers needed to perform the complex technical and scientific
analysis and systems engineering. Together with their counter-
parts of the Air Force Ballistic Missile Division, the R-W technical
and scientific personnel were integrated into a development-man-
agement team, with all the elements working on a side-by-side,
counterpart basis. This organizational integration permitted close
working relationships and saved time in getting on with the job.
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The program development-management concept

With this brief historical background in mind, it is time to
turn to consideration of the development-management concept
and policies used in the program. Contrary to some impressions,
these are not new. They are derived from experiences gained in
carrying out other complex research and development programs
and from our weapon system concept. As indicated, there are
parallels in the Manhattan Engineering District project.

Development concepts and policies used in the past have
changed considerably from one weapon system to the next as
systems have become more complex and costly. For the past few
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years we have tended to rely more and more on the “prime con-
tractor’” approach to weapon system development in order to speed
system development and integration. Studies of the classic develop-
ment cycle (broadly, the time it takes to translate an idea into an
operational weapon system), in which study, development, test,
production, and introduction into the military force take place
more or less discretely and in series, indicate that this process
averages about seven years. This is a long time, especially in view
of limited in-service life and rapid technological advances which
today quickly outmode many weapon systems. One possible solu-
tion to this situation is to shorten the development cycle by taking
concurrent development, production, and operational actions.
Obviously this can be done only when a weapon system has such
promise of success and great potential that it is worth taking risks.
Long-range ballistic missiles are such weapons. Viewed from this
light, the ballistic missile program is engaged in shortening the
normal weapon system development-to-operational cycle.

It should be clearly understood that no criticism is implied

AF Development-Operational Cycle

Normal 4 ‘ ' .
Research and Development P.'°dUCf'°" =
Cycle ' : Operational Capability
10C force buildup
iraining aperatian
ICBM— [t e S T Operational Capability
IRBM  Research and Development
Cycle  IRPPREESs i ISP aE St e foed
"‘"A_";";\-"/ . = A~' - —‘, i I_P >3 g.ﬁ'q,a~- f- R ":,-7‘ .\:
(Bt e BN IR T et B N S S TR W
[olo uoc

Comparison of the normal sequence of research and development and operational
capability with the sequence of the accelerated ballistic missile program. In an
aircraft program the operational capability is not achieved until research and
development have been virtually completed. In the ballistic missile program these
events had to be considerably overlapped, primarily to save time. Also the char-
acteristics of the weapon required that data from experience with the initial opera-
tional capability (I0C) be fed back into the development cycle as soon as possible.
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of our normal development policies. They have been carefully
evolved and appear to suit normal circumstances. Likewise it
should not be implied that the development-management ap-
proach followed in the ballistic missile program can be applied to
just any program. This system appears to be best applied only to
large-scale, especially important programs where it offers a means
of developing and producing complex systems, where things must
be done on a large scale, where many industrial concerns, many
Government agencies, new and expensive facilities, and large
funds are involved.

Basically, then, the development-management approach for
the project is geared to a strong management team composed of
the Air Force Ballistic Missile Division, the Ballistic Missiles Office
of AMC, and the Guided Missiles Research Division of the Ramo-
Wooldridge Corporation. This team took over the job of cen-
tralized direction and proceeded to devise and manage a reoriented
and accelerated program. This process was carefully scheduled in
phases in order to meet projected time scales:

Phase I  Program study and reorientation
Phase II Contractor selection

Phase III Hardware fabrication and test
Phase 1V Missile test

Phase V  Operational capability

The study phase embraced careful program analysis and plan-
ning. Scientific and engineering analyses were made of all aspects
of the program. From the study, analyses, and planning, certain
conclusions and recommendations emerged. The development-
management structure for the program was clarified. Steps were
taken to reorient the program by scaling down missile size and
gross weight, thus simplifying many technical and development
problems. A positive conclusion was reached that in order to
accelerate the program, to provide competition, and to ensure
success, a multiple approach should be used in the development
of subsystems. Selective industrial competitions would be used
to pick the associate contractors. A third result of the study
analysis and planning was an integrated development-test-facility
plan.

The selection of contractors marked an important phase of
the ballistic missile program. Contractors were carefully chosen,
through a highly selective, competitive method that identified the
contractors with the highest capability. In this process, the Divi-
S$lon management team prepared a statement of the job require-
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The Air Force ballistic missile program is truly nationwide. The dark circles
denote the major contractors, the white circles the major subcontractors, and the
triangles the directly participating Air Force installations. The wvendors (not
shown) who supply the subcontractors are located in every state of the Union.

ments. After study of these requirements, an AMC/ARDC team
prepared a recommended list of the best qualified contractors.
Then these contractors were given a preproposal briefing, after
which they prepared their technical proposals. Concurrently with
the contractor preparation of technical proposals, a joint evalua-
tion board with members from ARDC, AMC, and independent
agencies was established. This evaluation board prepared suitably
weighted proposal evaluation criteria. All contractor proposals
were then reviewed and evaluated by board members and spe-
cialists. Following this review and evaluation, the board recom-
mended a winner. This recommendation was forwarded to ARDC,
AMC, and USAF for approval. By means of this selective com-
petition method, the basic subsystem contractors for the program
were chosen.

The outstanding feature of this method was the speed with
which the selection of contractors was accomplished. In most cases
the entire process from the statement of job requirements through
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to notification of contractor selection took place within ninety
days. Immediately on notification of selection, contractors were
put to work through the use of letter contracts. The letter con-
tracts were used in order that no time be lost in definitization of
contracts before getting the program under way.

Contractor selection by this process was completed by the
end of 1955. The contractors themselves were grouped into teams
for individual missile development. This was possible through the
utilization of dual-source subsystem development efforts for each
individual subsystem. These dual-source subsystem developments
played an important role in the program: for example, the IRBM
development was introduced into the Air Force ballistic missile
program late in 1955 through the simple process of reorienting
certain ICBM contractors and of adding Douglas Aircraft Cor-
poration as the airframe contractor for the IRBM No. 1. Much
time, effort, and cost were saved through this process.

A factor which has conditioned the ballistic missiles program
from the very beginning has been the emphasis placed on the
development-test concept. Unlike an aircraft test program, bal-
listic missiles, once launched, cannot be re-used. Moreover, test
facilities of the size and scope required for the accelerated missile
program were virtually nonexistent in 1954. Consequently a
large-scale test facility program had to be laid down, as well as one
for production facilities.

Before the test plan and facility requirements were prepared,
we reviewed and analyzed all previous missile and aircraft pro-
grams so that we could prepare a rational test philosophy. This
review was based on all previous missile testing experience, as
well as the requirements of the accelerated program. A test pro-
gram was planned with the aim of reducing the number of costly
“one way” missile flight tests and of getting required information
as early as possible. Insofar as possible, components would be
thoroughly tested on the ground prior to flight tests. The method
utilized provided a step approach, beginning with component
tests, then assembly tests, then captive tests of propulsion and air-
frame, and captive tests of complete missiles prior to Hight testing.
In this way reliability could be checked at the lowest possible levels
and systems interaction tests could be performed as subsystems
were mated. This test philosophy was adopted and is in use in the
program today.

This plan provides the maximum likelihood that the more
advanced and costly systems tests will not fail because of failure
of components or minor assemblies and that information on over-
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all systems interaction will be available before we embark on
large-scale flight tests. Another important element of the test
philosophy is that there are no special-purpose test vehicles.* In
other words, no “dead end” testing would take place. The ballistic
missiles themselves will serve as data-collecting test vehicles. Thus
development-test effort is all applied to the missiles themselves.
Needless to say, such a plan was only possible because of our work
with missiles over the past decade.

Having worked out a logical test philosophy, the next step
was to apply it. This required careful test facility planning to
ensure the availability of such facilities in the numbers and at the
time they were needed. At the start of the program practically no
facilities suitable for missile or component testing on the scale re-

®*Except for the re-entry test vehicle to gather nose cone re-entry data.
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quired for the ballistic missile program existed. Many such facili-
ties were required as quickly as possible—facilities of considerable
size, complexity, and cost. For example, large rocket engines had
to be developed and tested, requiring new and unique testing
facilities; captive tests of complete missiles required large test
stands of great strength together with complex instrumentation
and blockhouses. The contractors needed industrial facilities for
fabrication testing of components. The problem was doubly diff-
cult since unique test facilities of the type desired require a long
lead-time to design and build. A plan was evolved that would
provide these facilities at the times needed. Unprecedented action
on the part of the Air Force and the Army Corps of Engineers was
required to accomplish the necessary actions and approvals under
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expedited conditions. To complete the facilities which had been
closely matched to the R and D schedule, the construction con-
tractors in many cases worked on multiple shifts seven days a week.
By such means the necessary test and industrial facilities were
provided. The fact that the facilities were completed in such a
relatively short time is indicative of the speed, diligence, and
competence with which the Air Force installations personnel, the
Army Corps of Engineers, and the construction contractors
worked. As an indication of the size and importance of these
facilities, to date nearly $500,000,000 of new development, test,
and production facilities have been completed or are programed
for the Air Force ballistic missile program. Of this total, approxi-
mately $400,000,000 has been provided by the Government and
$100,000,000 by the participating contractors. This program has
provided the nation with a base of missile-test and industrial facili-
ties superior in quantity and quality to any in the world today.
One outstanding accomplishment of our test program is worth
mentioning. This is the answer to one of our most difficult prob-
lems—that of re-entry. The problem was to design a re-entry

- High as a four-story build-

P ing, the Lockheed X-17 test

: missile points skyward ready
. for flight at Patrick AFB,
Florida. The six-ton, three-

stage rocket is saving mil-

“ lions of dollars. Its flights
i help solve problems con-
' nected with ballistic missiles
that otherwise might be an-
swered only after many fir-
ings of those much more ex-
pensive missiles themselves.
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body (nose cone) that would not burn up as it re-entered the
earth’s atmosphere at meteoric speeds. To solve the problem,
many extensions into the regions of hypersonic research were
required and empirical verification of this research was needed.
An intense program was laid on: study contracts were let to con-
duct shock-tube tests, materials research, hypersonic wind tunnel
and ballistics research, nose-cone drop tests, and hypersonic flight

tests.
For the latter, the Division contracted with the Lockheed

Aircraft Corporation to develop a re-entry test vehicle, called the
X-17. Its job was to simulate re-entry conditions at high Mach
numbers in order to validate hypersonic theories. It is a three-
stage missile. The first stage drives the missile to a high altitude
where it falls over and starts its descent; then the second and third
powered stages drive the nose cone to higher and higher hypersonic
speeds as it descends through the atmosphere. Telemetered data
derived from the flight provide the needed design information.
This re-entry test vehicle proved to be a quick and accurate way
to gain reliable data without flying a full-scale missile. It was
successful in proving out the theories of heat transfer and design
shapes of nose cones and it reassured us that our theoretical calcu-
lations on nose-cone design were valid.

T he operational development program

After the missile development program was under way, the
Division received additional directives to undertake operational
development programs for the missiles. These directives rounded
out the ballistic missile program by making the Division respon-
sible for all actions necessary to achieve the initial operational
capability (IOC) with these weapon systems. With this assign-
ment, the Air Force ballistic missile program became an integral
one. A single agency was now responsible for the entire weapon
system development-operational program. Moreover, the two pro-
grams are concurrent rather than in series. While missile develop-
ment and test are under way, so also are all the actions ensuring
that when development is completed an operational force will be
trained to handle the missiles and that the force will be ready for
the Strategic Air Command. This is an unprecedented assignment
for the Air Research and Development Command. It has absorbed
a great deal of effort, particularly since we are dealing with new
weapon systems with which we have little experience. Our opera-
tional experience must be gathered out of the development and
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test program. Again, through this combination of missions the
development-operational cycle for the systems should be shortened,
since the agency which is accumulating this experience will be
able to put it to use quickly.

Integration of this responsibility was aided by the fact that
from the beginning BMD had a staff to study system operational
planning. With the addition of the responsibility for initial oper-
ational capability, the operational planning staff has expanded
considerably in both size and mission. From it have come not only
the operations, personnel, logistics, and installations concepts
which furnish the guidelines for the organization and employment
of the IOC force, but the actual detailed plans that are at the
present time being put into effect.

Turning these concepts into practical, usable plans and then
implementing them have required detailed work and coordina-
tion. Organizational structure and composition had to be planned.
Facility requirements for operations and training had to be identi-
fied and action had to be taken quickly to obtain these long-lead-
time items. A procedure for locating and assigning personnel with
the abilities and experience necessary to man the units had to be
worked out. Programs for training personnel had to be deter-
mined to the extent of writing course lesson plans, designing
training aids and equipment, and determining training evaluation
procedures. This latter process has already produced several
changes in the missile and its test and handling equipment to
adapt it more closely to the abilities of the airman who will do the
job.

Logistics plans are being worked out in detail in coordination
with the logistics and missile maintenance concepts. AMC is
instituting an entirely new type of logistic system, based upon
electronic data processing, for use with the ballistic missile forces.
An explanation of this system appears elsewhere in this issue.

BMD could not develop all these details itself and expect
them to be realistic. Active participation of other Air Force com-
mands was mandatory. Therefore liaison offices were established
at BMD by the Strategic Air Command, the Air Training Com-
mand, ARDC'’s Air Force Personnel and Training Research
Center, and Air University. In addition coordination was accom-
plished with Headquarters USAF, the U.S. Army Corps of Engi-
neers, Air Force Weapon System Phasing Groups, and others.
The ballistic missile program is truly Air Force-wide.

Actions in the IOC area have taken place rapidly. Recently
the field unit to command the initial operational capability force,
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the 1st Ballistic Missile Division, was activated. Under it will
come the wings and squadrons, some of which are now being
formed, as well as ballistic missile bases within the United States.
Cooke Air Force Base, California, is the first of these bases, where
training will be performed. Facilities are under construction and

the base is being manned.

Program control

The ballistic missile program is nationwide in all aspects.
The work of seventeen major system contractors located in every
part of the United States has to be coordinated and kept in phase.
The magnitude of the program is such that if a slippage occurred
in any area, the whole program could be delayed. To keep abreast
of the entire program, the efforts of all the members of the man-
agement-development team are closely monitored in a central
place in BMD—the Program Control Room. The joint BMD—
BMO—R-W Program Control Room is the nerve center for the
project. As a management tool it provides ‘‘management visi-
bility” by displaying information on the status of every aspect of
the project in graphic form.

This management information is provided through frequent
visits with contractors, use of the extensive communications net-
work between BMD and the contractors and field offices, written
reports, and periodic meetings of BMD, BMO, and R-W person-
nel. The information is not displayed until it has been double-
checked and coordinated by the offices concerned with that phase
of the program. Any problems are spotted early and acted upon
quickly. Those that may produce schedule slippages are identi-
fied with a “red flag” and carry that identification until they are
solved. The “red flag” problems are given immediate treatment
and their status is considered each time a review is made.

The program pulse is felt continuously. It is presented form-
ally once a month to key members of the management team. In
these presentations, the rule of “management by exception” is
followed. There are hundreds of items that could be considered.
It would take several days to treat them all. Instead, only progress
and problem areas are noted and discussed.

Today we are in the fourth phase of the program, the flight
test phase. In all respects this is the most critical phase. We
have entered it with confidence that the missiles will indicate the
results of the carefully structured test program. Realistically, we
must recognize that this is the phase where troubles appear. We
think that our careful planning will enable us to meet these
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troubles. We have laid down careful procedures for their correc-
tion. Some setbacks are to be expected, since after all we are in
the “Model T" age of missiles. Another way of putting it—we
stand today with ballistic missiles where aircraft were forty years
ago. However, we have a far superior scientific knowledge of
these complex birds than the early aviators had of their aircraft.
The application of modern technology to our missile programs
will ensure success.

Through rigorous attention to program needs, we have re-
mained on schedule. The bugaboo of most missile programs,
slippage, has been pretty well contained. All major milestones
for the Atlas, Titan, and Thor development programs have so
far been passed essentially on schedule. In addition the IOC force
is being built and trained. We are confident that the program will
continue to meet its schedule and that the United States will soon
have its long-range ballistic missile operational capability.

The future

The Air Force ballistic missile program does put us on the
threshold of space travel. The long-range ballistic missile is in
fact a space vehicle. The airframe, propulsion, and guidance sub-
systems developments and the data which will become available as
ballistic missile test flights are made will make possible a whole
series of follow-on projects.

Take for example the propulsive unit. The same propulsive
unit that boosts a heavy nose cone with its warhead to 25,000
ft/sec could boost a somewhat lighter body to the escape velocity
of 35,000 ft/sec or to an orbital path around the earth. The same
guidance system that enables the warhead of a ballistic missile to
reach its target within a permissible accuracy would also be suf-
ficiently accurate to hit a target much smaller than the size of the
moon, even at that increased range. These same propulsive and
guidance components could also be used for surface-to-surface
transport vehicles of various sorts experimentally to carry mail or
strategic military material to critical sites. Structural advances
of the ICBM have brought us to new heights in the ratio of total
weight to structural weight. Perhaps 90 per cent of the unmanned
follow-on projects that one could visualize for the future can be
undertaken with propulsive, guidance, and structural techniques
presently under development in the Air Force ballistic missile
program.

There is one final question—what will we have achieved when
we reach our goal-when ICBMs and IRBMs have become reli-
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able, operational weapon systems produced in quantity? Para-
doxically, the best we can hope for is that we will never have to
use these weapons; that our ballistic missile capability will be
so highly respected by all potential aggressors as to indefinitely

deter them from attacking us.
This should not imply that the ICBM and IRBM are ‘“‘ulti-

mate weapons” as they are frequently called, nor that the ballistic
missile will replace the manned intercontinental bomber. But it
will undoubtedly become one of the most potent and convincing
arms in our arsenal of strategic weapon systems.

It is hard to believe that any one single weapon, no matter
how powerful, can by itself enforce peace in this uneasy world.
But we are confident that weapons like the ICBM and IRBM will
help the Air Force to enable the free world to maintain deterrent
forces which no aggressor in his right mind dare challenge.

Air Force Ballistic Missile Division, Hg ARDC



Air Force Missile Experience

CoLoNEL Epwarp N. HALL

T IS probable that more misinformation has been generated
I on the subjects of guided missiles, long-range missiles, ballistic
missiles, intermediate-range missiles, and intercontinental
missiles than on almost any other conceivable subject. What are
these devices, how do they difter from each other, why have they
come into being, what has been their past history? The answers
available to the general public have been fragmentary and fre-
quently misleading, primarily because of their inevitable security
restrictions. This has been a highly justifiable policy in the past,
but at this time the American public and its high-ranking civil
administrators are being confronted with crucial decisions con-
cerning these weapons, their control, and their use and are pos-
sibly being forced to conclusions based upon a paltry smattering
of factual background. This article. is being written in an effort
to dispel some of the mists of obfuscation that pervade this field.
Missiles may be divided into two categories: ballistic and
airfoil controlled. Both categories have been somewhat arbi-
trarily further divided into guided and unguided species. The
word arbitrary is employed here because it is hard to conceive of
any justification today for a truly unguided missile, one deliber-
ately designed to take off and capriciously land, “I know not
where.” Guided missiles follow trajectories that may be altered
by signals from some guidance device well after the moment of
launch; unguided missiles are those in which all guidance in-
fluence ceases within an extremely short time after launch.

Both ballistic and airfoil-controlled vehicles have been em-
ployed by mankind for a very long time. Ballistic weapons as
rocks hand cast by primitive man preceded their airfoil-controlled
cousins, arrows launched from bows and controlled by tail feath-
ers, by a significant period of time. A greater amount of effort
through the years has gone into the ballistic-controlled vehicles
than into the airfoil-controlled ones (e.g., rocks thrown by hand
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or catapult and gun-propelled slugs and shells). Only recently
has serious consideration been given to the development of rela-
tively long-range airfoil-controlled weapons. An essential ingredi-
ent in the development of relatively long-range ballistic devices
was the creation of a basic science of ballistics. Similarly a sizable
mass of data in the field of aerodynamics was a necessary precursor
to the development of long-range airfoil-controlled vehicles.

Ballistic science is much the older of the two, stemming back
pretty directly to Keppler's Laws of Motion, which have been
constantly and repeatedly confirmed by such phenomena of celes-
tial mechanics as the motions of the moon, planets, and comets.
Aerodynamics could not support accelerated development of long-
range devices until late in the 19th century. Exercising these two
general sciences man has developed a series of missiles.

In the course of this activity, cross-pollinization in the two
fields has occurred to such an extent that the course of individual
developments has in many cases become obscure. For many years
ballistic missiles, considered apart from their launching devices,
were simple. The shell hurled from a big gun, although differing
in degree of sophistication, had much in common with the rock
launched from the hand of primitive man. Aerodynamic effects
in both cases were small. The trajectories resulted largely from
the interplay of gravity, conservation of momentum, and, in the
case of extreme ranges, centrifugal force. Extremely strong, light-
weight structures were not needed.

Significantly the method of propulsion employed in the gun
involved the use of very heavy launching devices of a relatively
declining effectiveness as muzzle velocities in excess of about 4000
feet per second were reached. Projectiles were guided by accur-
ately aligning the gun in the direction and elevation desired. No
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guidance signals were transmitted to the projectile after exit
from the gun barrel. While stability was imparted by projectile
spin, even at this relatively early level of missile sophistication a
certain degree of hybridization occurred; fin-stabilized gun-
launched projectiles were developed, in which a certain amount
of aerodynamic science was drawn upon. The serious develop-
ment of long-range, aerodynamic-controlled missiles had to await
the development of the airplane.

Quite early in this saga attempts were made to apply this
newer science to long-range missiles. Even during World War 1
efforts were made to load military airplanes with bombs and
direct them without pilots to specified targets. Out of aerodynam-
ic science grew automatic control devices such as autopilots, auto
navigation equipment of both radio and inertial varieties, auto-
matic bombing systems, and the advent of reliable, efficient pro-
pulsion systems. It became evident that a proper integration of
these sophistications could make practical an unmanned, long-
range, aerodynamically-controlled missile. During World War 11
several instances of the operation of such devices took place.

Up to this point a fairly distinct demarkation existed between
ballistic and aerodynamic approaches. Ballistic vehicles were
dense, unsophisticated structures, most of them propelled by
expanding gases generated by combustion of solid propellants in
gun barrels. No provisions were made for internal control, guid-
ance, or propulsion equipment. Aerodynamic missiles, on the
other hand, sprang directly from airplane experience. In these
were automatic control systems, strong, lightweight airframes,
sophisticated guidance systems, and advanced propulsion units.

Modern missile beginnings

Until the War the potential performance of long-range mis-
siles was largely misunderstood. The barrier to be overcome was
not of sound, or heat, but of the mind, which is really the only
type that man is ever confronted with anyway. A traditional ap-
proach by the aerodynamic people to the problem of range versus
speed had convinced them that an inverse relationship existed
between these two parameters and that, consequently, truly long-
range, airfoil-controlled vehicles would have to travel at relatively
slow speeds. The ballistic advocates, also limited by mental blocks,
thought in terms of thousands of yards rather than thousands of
miles. Although the latter group had had rockets at its disposal
for hundreds of years, it had employed them in a manner highly
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analogous to the gun. Thus aerodynamicists talked about rela-
tively slow devices capable of ranges up to 10,000 miles or so,
employing reciprocating or compound engines with conventional
propellers and high-aspect-ratio airfoils. Military ballistic people
were thinking in terms of rocket- and gun-propelled projectiles
with unsophisticated structures and very limited guidance and
control systems capable of ranges of hundreds of thousands of
yards.

Between these two placid pools of specialized interest there
were several small, disturbing anomalies. Dr. Robert Goddard
in the United States and the Weapon Development Group of the
German Army were pursuing programs of high-performance
rocket development. Dr. Goddard was completely unsuccessful
in his efforts to interest the United States armed forces in his work,
and the German effort, until a time too late to be of any influence
in deciding the outcome of World War II, was similarly ignored.
The efforts of both of these groups were aimed at the development
of a desirable hybrid in which the sophistication of the aerody-
namic approach would be eftectively applied to a ballistic ve-
hicle. These efforts incorporated the subtle structural talents of
the airframe industry and the highly sophisticated guidance and
control mechanisms developed for imparting stability to, navi-
gating, and controlling bomb release from modern airplanes—all
this married to a high-performance rocket-propulsion system to
produce an entirely new species of vehicle.

Except for the propulsion system all elements stemmed di-
rectly from the airplane development art. And the rocket pro-
pulsion systems employed on these devices, in the United States
at any rate, have also stemmed from the propulsion development
programs of the United States Air Force. The problems of heat
transfer, turbine operation, combustion, and pumping are intrin-
sically the same as those that plagued the developers of recipro-
cating engines, turbojet engines, ramjet engines, and other aero-
nautical power plants. These rocket engines have been developed
by the same U.S. Air Force and affiliated organizations that de-
veloped the preceding types of power plants mentioned, using
the same basic philosophies. The result is that large liquid-rocket
power plants are available today as reasonably reliable, producible
1tems to provide the extreme propulsion requirements of the long-
range guided ballistic missiles. The rapid advance of the Air
Force ballistic missile program has been predicated upon this rich
background of familiarity with, and development of, all the key
elements required for success in its field.



The rate of development progress

The rate of progress achieved in ballistic missile development
has been limited by two categories of factors: the operational and
the technical. That ballistic missile development can only be
carried out by the armed services 1s an accepted fact. Armed serv-
ices, however, must always seek to justify their development
activities in terms of the economic validity of the gains to be
achieved. No new weapon, however spectacular, can really be
justified unless it promises to perform military tasks at a lower
gross cost than will any weapon system preceding it. A rocket-pro-
pelled, guided ballistic missile of short range would be question-
able from an economic standpoint if compared to the operating
cost of the manned bomber. Even a relatively long-range missile of
this variety would be questionable until the detonation magnitude
of its warhead and the accuracy with which it could be positioned
made it less costly per unit of effectiveness than the piloted
bomber. Questions would still arise about the methods of recon-
naissance and bomb-damage assessment that could be employed
as a necessary adjunct to such a weapon system.

A limiting factor in the missile development drive until very
recently was the questionable effectiveness of available warheads
and guidance systems. Obviously the use of a TNT warhead on a
ballistic missile with a range of more than a thousand miles would
be extremely costly. With missiles dispersing several miles in the
target areas, as they must with today’s guidance systems, several
thousand would be needed to destroy a specific target of limited
size. As the accuracy of the guidance system improves and as the
detonation effectiveness of the warhead increases, the numbers
of missiles required to perform any specific military task drop—
as do comparative costs.

The atomic bomb greatly improved the destructive potential
of this type of missile, but even it, when coupled with available
guidance accuracies, did not guarantee economies beyond the use
of manned bombers. With the atomic warhead such economies
could only be achieved by the development of extremely accurate
guidance systems. It was the thermonuclear bomb that altered
this picture radically. This weapon promised economical divi-
dends in the destruction of military targets by means ot long-range
ballistic missiles. So it is that from the operational point of view
the drive to develop these missiles was compromised by lack of
clear-cut evidence that their employment was militarily justified
until improvements in warhead and guidance techniques occurred.

A much more basic limitation to the development of long-
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range ballistic missiles existed up to 1950: adequate propulsion
systems. The longrange ballistic missile consists of guidance,
control, structure, warhead, and propulsion. Each of these must
be adequate if there is to be a worthwhile military missile. The
propulsion system is in a somewhat different category from the
others. This is the one component without which the missile
could not fly at all. In fact the long-range ballistic missiles are
so intimately tied up with rocket propulsion systems that fre-
quently the terms missile and rocket are used interchangeably.

A fallacious concept, formerly widely cherished by air power
“experts,” that the relationship between range and speed was an
inverse one has already been mentioned. There was evidence
upon which to base this false conclusion in the form of ranges and
speeds of the aircraft developed prior to the 1950's. Some of
this evidence centered on the assumption that lift for these long-
range vehicles would inevitably be supplied aerodynamically.

As soon as one accepts the fact that centrifugal force is quite
as reliable as aerodynamic lift—attested to by the degree of assur-
ance man has developed that the moon will not fall down—the
picture becomes greatly clarified. While the attainment of Mach
1 speeds was always accompanied by very limited ranges in that
era, this limitation was largely a product of the characteristics of
air-breathing engines, available conventional fuels, and aerody-
namic drag. It was always evident that if one could get out of the
atmosphere and reach orbiting velocities, terrestrial range would
become unlimited. The problem lay in the development of a
power plant and structural system capable of attaining orbiting
speeds outside the earth’s atmosphere. What structures and what
power plants can be used?

A survey of existing power-plant and structural concepts
reveals that the choice is a narrow one. The reciprocating engine
and propeller combination is only effective at relatively low alti-
tudes and speeds. Propeller efficiencies drop very rapidly at
great altitudes unless the blades are extremely large and heavy.
The ratio of thrust to drag attainable with this type of propulsion
system is very unfavorable for high-speed flight. Turbojet and
ramjet engines suffer the same general deficiencies, although the
turbojet engine is greatly superior to its reciprocating brother in
thrust-frontal area and thrust-weight ratios. But the value of the
compressor element of the turbojet approaches zero as forward
speeds rise above Mach 3. This is so because the inevitable rise in
stagnation temperature brought about by the forward speed of
the aircraft, when coupled with the further temperature rise
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through the turbojet compressor, heats the incoming air to the
no-thrust point in this speed range. This limitation is imposed
by structural problems stemming from limitations in the strengths
of available materials at high temperatures. Advanced cooling
techniques and further development of. high-strength, high-temp-
erature-resistant materials may push this limit up but not to any
useful degree when compared with the speed requirements neces-
sary for orbiting the earth. The case for the ramjet, similar to
that of the turbojet, is slightly more favorable. Here we do not
have to worry about structural loads on centrifugally stressed
turbine and compressor elements. The high stagnation tempera-
ture of the incoming atmosphere remains as a severe problem.
The twin necessities of furnishing a reasonable static pressure to
support combustion and a very high forward speed to sustain
flight cause stagnation temperatures in the combustion chambers
and discharge nozzles to become limiting at about Mach 5. This
1s still very far from earth-orbiting velocity.

Only in the non-air-breathing rocket engine does none of
these intrinsic limitations bar the way to earth-orbiting velocity.
Since the rocket uses no air, high stagnation temperature of sur-
rounding atmosphere is of no consequence to the power plant.
Developing thrust more effectively in vacuum than in the at-
mosphere, rocket-propelled vehicles may approach and exceed or-
biting velocities without the problems associated with atmospheric
friction. Theoretically, therefore, the rocket power plant should
be capable of attaining earth-orbiting speeds and unlimited ter-
restrial flight ranges at very high velocities. Development of
rockets of sufficient specific impulse, structural lightness, and re-
liability for long-range ballistic application had to await the de-
velopment of modern metallurgical techniques, of propellant
chemistry, and of the thermodynamics required to determine
what performance was available from the materials at hand.

Rocket engine development program

At the conclusion of World War II the Air Materiel Com-
mand of the Army Air Forces became interested in the further
development of the German A-4 type rocket. As a result the rather
battered components of three of, these engines were shipped from
Germany to North American Aviation, the contractor designated
by the project office at Air Materiel Command. At this time no
large-scale liquid-rocket development facilities existed in the
United States. Two large test stands and associated equipment
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for the development testing of these engines were to be erected
at Edwards Air Force Base. Shortly after this, agreements were
reached between the Air Materiel Command and the Curtiss-
Wright Corporation for the use of Dr. Robert Goddard’s patents
in the Army Air Forces' rocket development work. Additional
work to establish the operational effectiveness of nitric acid as a
rocket oxidant was contracted at Aerojet, Bell, and Kellogg.

It was the conviction at this time of the Army Air Forces,
which became the United States Air Force in 1947, that the rocket
development program should be handled in a manner like that
of other engine development programs. Traditionally industry
had always been regarded as a partner in these ventures. It was
felt that a continuation of this policy would make available the
most competent organizations and best brains for rapid exploita-
tion of rocket art. The former Air Corps’ engine development
programs, dating back to the days of the Hispano-Suiza and Lib-
erty engines of World War I, had attempted to harness available
sources of industry to development and production programs. The
Air Force feels today that this was a wise decision. The fact that
the only successful large liquid-rocket engine programs in the
United States have been Air Force programs is in no small measure
due to this manner of operation. This policy has greatly eased
transition from applied research to development to production
and has minimized scientific stagnation.

Since the inception of these rocket development programs
the Air Force has spent large sums of money on the development
of rocket engines. This expenditure was justified by the belief
that only through the development of such power plants could
high-speed, long-range guided ballistic and aerodynamic missiles
be created. The men entrusted with the development of this de-
vice for the U.S. Air Force were experienced in developing suc-
cessful reciprocating and turbojet engines. They had no delusions
about the relationship between demonstration of basic principles
and completed development of rocket engines adequate in relia-
bility and simplicity for inclusion in the military inventory. The
Air Force understood that preliminary design and demonstration
of feasibility of basic principles amounted to less than five per
cent of the costs of an engine-development program. Each rocket-
development project, in the Air Force view, would be faced with
a long period of component tests, engine shakedown, and redesign.
This realistic attitude has meant that the activities have seemed
unspectacular, and achievements have seemed to be attained at
a relatively slow pace.
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Significant Dividends to the Ballistic Missils Programs

Large, lightweight thrust chambers, much design data for large
liquid-oxygen-alcohol engines, large injector design techniques,
much inertial guidance design data. lllustrated air-bearing gyro
limitations, and provided first successful American large liquid
rocket engine.

Control techniques employing swiveling engines,
structures for tanks, and separation techniques.

Ultra lightweight tank structures, feasibility of very high expansion-
ratio discharge nozzles, precision guidance and control, develop-
ment of high specific impulse from conventional propellants, ap-
preciation of propellant utilization problems and techniques of
attacking them.

lightweight

Large hydrocarbon liquid oxygen rocket engines, advanced high
suction specific pumps, very lightweight gimbaling systems, fluo-
rine rocket technology, techniques leading to extension of stable
combustion limits of rocket engines, practical methods of ignition
and handling of starting transients, limitations and methods of
throttling, very large turbo pumps and thrust chambers. This
program has provided the basis for all the large oxygen hydro-
carbon rocket engine work in the United States.

Extensive propellant performance and ignition work, short combus-
tion chambers, rapid ignition at low temperatures, ingenious
positive expulsion tanks.

First closely controlled series production of pressurized hydro-
carbon nitric acid rocket.

Turbo-pump driven, two leveled-thrust engines, automatic control
systems, practical ocid hydrocarbon gas generators.

High-ratio, continuous throttling of liquid-oxygen-alcohol engines,
early employment of common propellants for thrust chamber and
gas generator, tank pressurization by turbine discharge heat
exchanger, direct-driven, high-speed propellant pumps, spark plug
ignition.

Mechanical techniques leading to safe operation of nitric acid
hydrocarbon rockets, automatic high-response-rate control systems,
high-performance propellant pumps and specialized bearings and
lubrication systems.

Safe, highly reliable, hydrocarbon acid, lightweight rocket system,
effective use of refractory ceramics, highly compact components.
Hot gas pressurization data, large engine application of refrac-
tory materials, design techniques for interaction of sloshing and
controls, low cost practical low ignition energy propellants and
combustion techniques, swiveling engine control system.

Quality control techniques for rubber-base propellants, design
data for case-bonded grains, aging characteristics of rubber-
base propellants.

Large-scale exploitation of low-cost rocket potential of ammonium
nitrate.

Pumping, handling, and combustion of liquid hydrogen and liquid
fluorine.

Large, high-mass-ratio, solid rocket techniques.
Pressurized, nitric-acid rocket techniques.

Initiated jointly by Ordnance and Air Force. Joint study program
led Air Force to development of Gapa and Bomarc for improved
performances.

* JPL programs jointly supervised by military services.
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By 1949 the first large engines based on the recovered V-2
fragments had been fired at the new rocket facilities of North
American Aviation. They developed thrusts and thrust-weight
ratios considerably in excess of the German units. But the Air
Force and its contractors, with a now respectable background of
rocketry, realized that the basic German approach to the power
plant was rather limited. During 1950 it was decided that this
initial engine effort would no longer meet more ambitious Air
Force requirements, and the entire program for large liquid-
rocket engines was reoriented toward larger, lighter, higher-per-
formance units. This enlarged program produced rocket engines
useful not only to the Air Force but to the Army as well. When
the U.S. Army Ordnance Corps, sponsoring the Redstone Missile
Development Program, had no adequate engine available within
its own facilities, the Air Force made its engine available to Army
Ordnance. It has since been successfully employed as the power
plant for the Redstone missile.

During this same period, vigorous programs to develop a
family of nitric acid—hydrocarbon rockets were being sponsored
by the Air Force at various contractor plants. One of these de-
velopment programs, intended for airplane application, involved
subscale unit firings to establish the basic characteristics of this
propellant pair. This subscale unit went through many meta-
morphoses of development and finally provided the basic device
around which the current Nike engine is built.

Development philosophy

Although the bulk of Air Force development work is left to
industrial contractors, the role played by Air Force engineers
should not be overlooked. Air Force development procedures
have been designed to receive the most from industry for the tax-
payers’ dollar—to develop power plants that are practical ventures
yet press the current limits of the state of the art. A key element
In this development is availability of Air Force officers of sufficient
technical competence to recognize real potentials of scientific
development, to discard pseudoscientific hogwash, and to apply,
through good management techniques, lessons learned on previous
eng.ine programs. There is no way in which the responsibility for
setting up weapon-development programs can be divorced from
the military. If the objectives of such a development program are
unreal, the contractor, regardless of his intrinsic competence, will
fail. It proper guidance is not supplied by the military, the con-
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tractor’'s program will be so prolonged as to invite exceedingly
high costs and produce very little of technical merit.

Because the Air Force was convinced that long-range rocket-
propelled missiles would become necessary weapons and that the
development of suitable rocket engines would be the pacing factor
for these missiles, its rocket programs continued even through the
years of lean appropriations prior to the Korean War. As a result
when the ballistic missile designers’ job was suddenly and dra-
matically eased by the advent of practical, lightweight thermo-
nuclear warheads, the Air Force was ready to begin matching
this development with a ballistic missile delivery vehicle. Rocket-
propellant pairs had been selected as best for this job because of
economy, availability, performance, and handling characteristics;
engine components were in a realistically advanced state of de-
velopment, and the means of estimating facility, manpower, and
dollar requirements to meet accelerated programs had been de-
veloped. On the firm foundation of this continuous, vigorously
prosecuted Air Force rocket development program, all the long-
range and intermediate-range ballistic missiles now in develop-
ment by the United States have been based. Again at this stage
of the development of rocket engines, the Air Force has made
available its rocket engines to the Army Ordnance Corps for use
in the Jupiter program.

Structure and control

All the components of long-range ballistic and aerodynamic
missiles, except for the rocket-engine power plants, are direct
descendants of basic components in modern military aircraft. The
Air Force and its contractors spent twenty-five years developing
structural materials and manufacturing techniques that offer high
strength and low weight. A high percentage of the cost of the
development of lightweight alloys and high-temperature alloys in
this country has been underwritten by the U.S. Air Force in one
form or another.

In ballistic missiles, range is an especially sensitive function
of the ratio of propellant weight to total weight. Two items es-
sential to long ballistic ranges are high-performance rocket power
plants and extremely low weights of structural elements. In recog-
nition of this, shortly after World War II the Army Air Forces
started a program with Convair for intensive studies of structure,
control, and guidance of long-range ballistic missiles. This pro-
gram eventually led to impressive advances in control of ballistic
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missiles through gimbaling of rocket engines, better understand-
ing of the requirements of guidance components, and a light-
weight structural concept now employed in the Air Force ICBM
program. The basic structures of all the long-range and inter-
mediate-range guided missiles, ballistic and aerodynamic, of the
USAF are highly sophisticated and employ subtle techniques
coupled with carefully chosen materials to attain strength-weight
ratios of a very high order. Each of the Air Force missiles has de-
veloped a structure peculiarly suited to the specific purpose. That
these structural approaches have produced superior results is in-
dicated by the recent action of the Army Ordnance Corps. After
it examined the basic structure of the Air Force Thor missile,
Army Ordnance decided to alter its basic structural design of the
Jupiter missile to permit employment of the materials and fabri-
cation techniques utilized on Thor.

The extension of missile control systems beyond performance
limits of piloted aircraft has not proved as difficult as extrapola-
tions of other elements. In the operational employment of mis-
siles themselves many other conventional Air Force elements must
be brought into play. Thus a long-range or intermediate-range
missile would be of limited use without Air Force target-system
information, reconnaissance, and communication nets, all inte-
grated under central control. Only with these can missile devices
be efficiently meshed into the operations of present manned bomb-
ers so as to destroy with a minimum effort the most significant
items of potential enemy resistance.

The Air Force missile program encompasses both ballistic and
aerodynamic types of vehicles designed to cover many applications
over both long and intermediate ranges. This program has been
based upon a consistent philosophy systematically pursued over
a long period of years. The Air Force mission in this field has
been well understood, was reiterated in the Key West agreement
reafhirming roles and missions of the three services, and further
confirmed by the Secretary of Defense in his recent memorandum.
This program has proceeded along lines of development demon-
strated to be effective through past extensive experience with large
airhborne vehicles. This program has not been spectacular, but
massive and sound. There is every reason for confidence that it
will do the job well and on schedule.

Air Force Ballistic Missile Division, Hq ARDC



Notes on Technical Aspects
of Ballistic Missiles

TECHNICAL TRAINING AND ScCIENTIFIC RELATIONS GROUP
GuIpep MissiLE RESEARCH DivisiON

THE RAMO-WOOLDRIDGE CORPORATION

HESE notes are intended to provide a brief introduction to the technical

aspects of the USAF ballistic missile program. Particular emphasis is

given to problems that are new or newly critical. Topics are covered in
an order suggested by the relationships among them.

The Systems Concept

A BALLISTIC missile system obviously consists of a tremendous number of com-
ponents and detailed parts that must be designed, developed, and assembled
into a working system. Less obvious, perhaps, is the fact that the systems
engineering devoted to the study and planning of the over-all system is a
significant and vital part of the program. Systems engineering is distin-
guished by its primary emphasis on the relationships of the various portions
of a system to one another and to the over-all system performance.

In a systems engineering approach a missile is initially planned in broad
outline, essentially in block diagram form, and the interactions of the differ-
ent parts with one another are studied in detail before any hardware de-
signs are committed to the missile. Necessarily the potentialities of detailed
hardware must play an important part in the selection of possible systems for
study and in their evaluation. but the emphasis is fundamentally on verify-
ing that the system as a whole can be a practical, reliable. and sufficiently
precise solution to the military problem.

In an alternate and less satisfactory initial approach various designs of
engines, gyroscopes, airframe structures, and so on might be selected on the
basis of their satisfactory performance in previous military developments,
modified to meet the more obvious system requirements, and then commit-
ted to the new missile. An increasing effort might then be applied to working
out further details of the system. Such an approach inevitably would lead
to a prolonged schedule, and perhaps even to an inferior missile. As the
program moved on, many decisions would have to be reversed or modified
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because of system requirements that were not understood at the beginning.

Systems engineering evidently must not be confined to the initial plan-
ning but must permeate the entire research and development phases, and
even production. Although the initial researches must be as thorough as
possible, many decisions must be made boldly on the basis of incomplete
information. Investigation must continue so as to determine whether further
data support the decisions. Any indications of the need for changes must be
carefully weighed.

The system cannot be planned initially in complete detail. Within the
subsystems the input-output relationships and general configuration of which
have been tentatively established, more detailed systems engineering must
be carried out. As the development progresses, it must receive continued
monitoring from an over-all systems engineering point of view. This is
especially important in times of apparent crisis such as may occur in any mis-
sile program, because a proposed change in propulsion, for example, might
require accompanying radical changes in guidance or other areas. If the
initial planning was sound within the limitations of available information
and competent engineering is available at both system and more detailed
levels, such an apparent crisis ordinarily is quickly resolved by a few minor
changes.

Thus it is seen that systems engineering in a ballistic missile or any
similar program requires employment of large numbers of specialists and
also of an adequate number of competent administrators who can cement
them together into a broad-visioned effective team. The over-all systems
engineering effort for the present USAF program is carried out primarily in
the Guided Missile Research Division of The Ramo-Wooldridge Corpora-
tion, in accordance with its responsibilities as technical director of the pro-
gram and technical advisor to the Air Force Ballistic Missile Division of
Headquarters Air Research and Development Command, USAF. The more
detailed systems engineering within the various subsystems is primarily the
responsibility of the corresponding contractors.




Systems and Subsystems of a Long-Range Ballistic Missile

A BALLISTIC missile may be considered as an assemblage of a number of
interconnected and interacting systems and subsystems that perform distinct
functions in the accomplishment of the mission of the missile. In a military
missile the payload is a warhead—high explosive, atomic, or thermonuclear
in nature—that is to be delivered to and detonated at a predetermined tar-
get in enemy territory. The warhead. together with its auxiliary equipment,
such as a fuzing system, is incorporated in the nose cone of the missile.

Delivery of the warhead to a predetermined target requires inclusion in
the missile of a guidance system. This system regulates the position and
velocity of the center of mass of the vehicle during powered flight, with the
purpose of establishing a satisfactory trajectory prior to thrust cutoff. A
control system is also necessary so as to maintain attitude stability of the
missile during powered flight, to prevent undesirable responses when over-
riding guidance signals are introduced, and to correct deflections caused by
winds, gusts, and other disturbances.

Electric power is required for the guidance and control systems. This
power, as well as any required hydraulic or pneumatic power, is furnished
by a subsystem, the accessory power supply.

For the propulsion system, present-day long-range ballistic missiles utilize
rocket power plants with liquid oxidizer and liquid fuel as the propellant.
The future may see the development of long-range missiles with solid-propel-
lant rocket engines. The use of nuclear power also is an eventuality.

Flight monitoring equipment, part of which is carried by the missile, is
needed to provide sufficient data for each test flight to justify the expense
and effort of the firing.

Finally there is the airframe, the supporting structure for everything else
in the missile. Each of the aforementioned systems or subsystems comprises
a number of further subsystems, components, and component parts. For
example, the liquid-propellant propulsion system includes not only the rocket
engines and propellant tanks but also the turbopumps for forcing propel-
lants into the engines, the propellant utilization system for monitoring and
controlling the discharge rates from the propellant tanks, the ignition cir-
cuitry for starting the engines, and so on. However it must be emphasized
that while all these subdivisions can be studied and discussed individually,
their designers must give full consideration to the interactions between them
if the missile is to operate successfully. Thus the missile. at every step of
its development, must be considered as a complex of closely related and

interacting mechanisms.
Powered Flight of the Missile

Power produced by rocket engines is applied to an ICBM or an IRBM only
during the initial portion of its flight, from the launch point to the thrust-
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cutoff point B (Fig. 1). All necessary guidance and control of the missile
must be accomplished during the powered [light, for the missile motion can-
not be influenced when power is no longer available.

The ICBM and the IRBM are launched vertically, for this simplifies
the launcher required for these large vehic.es and also shortens the time
that they are close to the ground during take-off. After this initial vertical
climb the vehicle undergoes a programed turn toward the target. During this
turn the guidance system begins to function and continues to do so until
the desired altitude h, speed V, and angle v are attained (at B, Fig. 1), where-
upon it gives the signal for cutoff of the propulsive power. Perception and
correction of vehicle attitude, exercised by the control system, are continuous
during the powered flight. Both the attitude of the vehicle and the motion
of its center of gravity relative to the required trajectory are adjusted by
altering the direction of the thrust of the rocket engines, for instance, by
putting jet vanes in the exhaust stream or by gimbaling the rocket thrust
chambers.

There are many sets of values of the speed V, angle v, and spatial posi-
tion of B that will put the nose cone on a trajectory terminating at the de-
sired target: but some sets are more favorable than others in respect to
amount of propellant consumed by the engines or required precision of aim.
It 1s the function of powered flight to impart to the nose cone, as accurately
as possible, a favorable set of these parameters.

The energy expended in propelling the vehicle during the powered
flight increases with the weight of the vehicle. Because both the kinetic and
the potential energies are approximately proportional to the weight of the
vehicle at thrust cutoff, it is desirable that this weight be as little as possible
in excess of the weight of the nose cone. This objective is aided very materi-
ally by dividing the vehicle into two or more parts, or stages, with each stage
containing a rocket propulsion system. Launching is accomplished by start-
ing the engines of the first stage and, in some designs, also of other stages.
At some time during the powered flight the first-stage engines are shut down,
and this stage is jettisoned from the remainder of the vehicle. The engines
of the next stage are then started, if they are not already operating, and
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they propel the vehicle on toward B. As the missile nears B, the engines on
the last stage are shut down, and the final adjustment of the velocity needed
to keep the nose cone on a trajectory that will reach the target is accom-
plished with rocket engines of comparatively small thrust, called vernier
engines. Thus the term thrust-cutoff point B refers, accurately speaking, to
the point where the vernier engines are shut down rather than to the shut-
down point of the engines of the final stage.

In Fig. 2 is shown a possible configuration of a two-stage ICBM. Each
stage incorporates one or more rocket engines E and a pair of propellant
tanks T, and T,. The engine or engines of each stage are supplied with
the oxidizer and fuel by pumps P, and P;, which are driven by a turbine T.

General Aspects of Control and Guidance

IN A missile the primary function of the control system is to control the at-
titude, whereas the primary function of the guidance system is to establish
a satisfactory trajectory. While these two functions are thus clearly distin-
guishable and are the responsibilities of distinct research and development
groups, the two systems themselves interact with each
other in numerous ways. Moreover they have certain de-

N vices in common, for instance, jet vanes or swiveling
engines.

A ballistic missile is dependent on the control

(_]D[_\ system for maintenance of a stable attitude, especially

g in the low-speed portion of the trajectory immediately

T, g8 after take-off. The control system must prevent the de-

o flection of the missile during and after any disturbance,

§ such as a gust, from becoming unacceptably large and

% must prevent wobbling in attitude after a guidance

command. Because it is difhcult to maintain sufficiently
tight control without making the missile unstable at
frequencies for which it readily vibrates, a significant
portion of the control system engineering must be con-
cerned with effects of airframe vibrations, propellant
motions, and so forth on the control system. Solving
the control problem is somewhat like trying to balance
a four-foot length of garden hose on its end.

Although the possibility of instability resulting from
interactions between the guidance and control systems
needs some attention, most of the effort of planning
the guidance in a ballistic missile program goes into in-
vestigations of the detajls of the powered and ballistic
= trajectories, the establishment of criteria to ensure that
the missile will proceed from the thrust-cutoff point
to the target, the design of a system for measuring posi-

Vo
first stage

29N

Figure 2
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tion and velocity with sufficient precision, and the development of satisfac-
tory computers for generating precise corrective maneuvers.

A choice of trajectory must be made that will ease the problems of
propulsion and guidance as much as possible. 1f the ballistic trajectory is
sufficiently understood and if measurements and corrective maneuvers can
be made with sufficient precision during the powered flight, the missile will

hit its target.

Radio-Inertial Guidance

IN radio-inertial, or radar-command, guidance the measurement of the posi-
tion and velocity of the missile is performed by one or more ground-based
radars, and corrective maneuvers are computed by a ground-based computer
and transmitted to the missile as “commands.” Inertial elements, such as
gyroscopes, may also be included in the missile, their purposes being
to keep it approximately on course during any temporary loss of ground
guidance and to prevent impact on friendly territory in case of complete
loss of ground guidance. However precision guidance is obtained primarily
from the ground.

As in other applications the radars that may be considered are primarily
of two types, pulse radar and Doppler radar. In the pulse radar, pulses of
microwave energy are radiated from a ground station, and the time lapses
for return of signals from the missile are measured. This measurement pro-
vides direct determinations of the slant range, or line-of-sight distance, to
the missile at any instant, within limitations imposed by the precision of
practical time measurement and the precision with which the velocity of

microwaves along the beam is known.
N

The instantaneous velocity of the —
missile can then be computed in /
terms of the time-rate of change of \\\\\\\\\\\\\

slant range. In the Doppler radar, .\:J‘\\\.;‘\?\\\\

use is made of the fact that the re- \\)\'\\hm\\\

turn signal is shifted in carrier fre-
quency by an amount proportional radar
to the velocity with which the mis-
sile is moving away from the radar
(Fig. 3). Thus measurement of this
shift gives the velocity directly, with- Fig. 3. Doppler Effect
in limitations similar to those for the pulse radar. Instantaneous slant range
can be computed from the velocities or by counting the beats between the
transmitted and returned signals. Either type of radar can also be designed
to measure angles as well as range. Thus complete information on the in-
stantaneous position of the missile may be obtained with one radar or by
triangulation with three or more radars.

Refraction of microwaves in clouds. When a tracking radar is used for
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guidance of an ICBM or IRBM, or for evaluation of the guidance system, an
error in apparent direction of the missile can be produced by refraction of
the microwaves in clouds (Fig. 4). This problem is under experimental and
theoretical investigation. In one of the most promising and convenient types
of experiment, a radar and a microwave reflector are used to send beams out
and back between stations in a valley and on a mountain in a region where
intervening clouds are frequent. The variations in the apparent direction
of the reflected beam as the clouds drift by can be studied and described in
statistical terms.

Flame attenuation. At high altitudes the exhaust flame from the rocket
engines spreads to a large angle. When radio communication between the
missile and the ground is necessary, the transmission path may be through the
flame, and the ionization of the gases in the flame may attenuate signals to
such an extent that reception will be difficult (Fig. 5). This problem is
under theoretical and experimental investigation.

Inertial Guidance

AN inertial guidance system is a special sort of dead-reckoning system that,
unlike radio guidance, operates independently of information received from
outside the missile. Its computer and sensing instruments—a set of mutually
perpendicular accelerometers mounted on a gyro-stabilized platform—furnish
signals to the control system. These signals are based on data preset into
the guidance system.

The set of accelerometers is used to measure the components of the ve-
hicle acceleration along three mutually perpendicular axes (Fig. 6). Veloci-
ties are computable from the accelerations and positions from the velocities.
Corrective maneuvers are then calculated by the computer. The orientation
of the set of accelerometers must be precisely known, for otherwise the ac-
celeration components will not be interpreted properly by the computer.
Furthermore it is necessary that the effect of the earth’s gravitational force
on the accelerometers be subtracted out. Since this can be done only on the



basis of prior estimates of the magni-
tude and direction of this force, the
platform on which the accelerometers '
are mounted must be stabilized with
respect to a known frame of reference
by a set of precision gyroscopes and
suitable servomechanisms. The refer-
ence frames that may be used range .
from those fixed in inertial space
(see below *“Theory of ballistic tra- -
jectories”) to those fixed relative to
the earth, but each possible reference
frame imposes different requirements Fig. 6. Orientations of
on the system components. Accelerometer Sensitive Azxes
Inertial guidance has the obvi-
ously great advantage that interference with the operation of the sensing
instruments cannot be accomplished by any means short of destruction by
another missile.

Accelerometers

THERE are many accelerometer designs, but all reduce basically to an object
of known mass that is subject to some precisely known restraint provided,
for example, by a spring or a damper (Fig. 7). In response to an accelera-
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Fig. 7. Basic Accelerometer

tion in the direction of the sensitive axis, the object is displaced with re-
spect to the case of the instrument. This relative displacement is propor-
tional either to the acceleration or to the velocity of the missile, depending
on the type of restraint.

One example of the velocity measuring type is the gyroscopic integrating
accelerometer (Fig. 8). This consists of a single-axis integrating gyroscope
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Fig. 8. Gyro-Integrating Accelerometer / |
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with an unbalance mass on the gimbal and rotatable by a suitable servomech-
anism. An acceleration along the input axis produces a torque about the
output axis. In response to this torque the servomechanism rotates the as-
sembly about the input axis so as to generate a torque of equal magnitude
and opposite direction, thus preventing any deflection of the gimbal about the
output axis. The angle of rotation about the input axis produced by the
servomechanism is a measure of the instantaneous velocity. The restraint in
this design is provided by the gyroscopic action, the output axis damping,
and the servomechanism.

Sled Testing

SLED testing is desirable in the inertial guidance development program be-
cause of the difficulties encountered in trying to make laboratory measure-
ments of the errors of accelerometers and gyroscopes under sustained acceler-
ations. In a centrifuge, which may be used for such tests, the acceleration is
always directed toward the axis of rotation, and this continuous change in its
direction may introduce disturbing effects. In principle a shaker can also be
used to provide indications of the errors, but it does not directly simulate the
sustained accelerations that occur during powered flight.

The sled, which rides on two rails, is accelerated to a high velocity by
rocket engines and then is slowed to a sliding stop by a water brake that picks
up water from a channel between the rails; this deceleration can be con-
trolled by presetting the water levels for various stations along the track. The
successive positions and velocities of the sled are measured precisely during
each run and compared with indications of the inertial elements. The
longer the track, the more precisely can the errors of the elements be
investigated.

The sled may be accelerated by a liquid-propellant rocket engine or by a
cluster of solid-propellant rocket engines. The liquid propellant will be
more economical than the solid if a large number of tests is planned.

Gyroscopes in Ballistic Missiles

GYROSCOPES may contribute to two basic functions in a missile: control and
inertial guidance. The selection of gyroscopes for either of these purposes
must take account of the differences in operational characteristics of the
various available designs.

A gyroscope consists basically of a wheel, or rotor, having a massive rim
and capable of rapid rotation about its axis, called the spin axis. If the rotor
is supported on a pair of gimbals, so that it is also free to rotate about the
two axes perpendicular to the spin axis, the instrument is called a two-axis
displacement gyroscope (Fig. 9). In this configuration the spin axis tends to
maintain its original orientation, regardless of any maneuvers of the missile.



NOTES ON TECHNICAL ASPECTS 43

Position indicators, such as potentiometers, can be attached to the gimbals to
measure the gimbal angles and therefore the missile orientation with respect
to the preselected, fixed direction of the spin axis.

In other designs there is only one gimbal. The axis of rotation is called
the output axis. The supports for its bearings are rigidly attached to the
missile airframe (Fig. 10). Thus the spin axis is constrained to follow the
airframe when the latter rotates about a third axis called the input axis. This
motion about the input axis is measured by applying to the deflecting gimbal
a precisely known restraint provided by a damper or a spring. If a damper,
such as a viscous liquid, is used as the rotational restraint, the deflection
about the output axis provides a measure of the angular displacement of the
airframe about the input axis. This instrument is called a single-axis displace-
ment gyroscope, or a single-axis integrating gyroscope. In event that a spring
provides the major restraint, as in Fig. 11, the instrument measures the rate of
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Fig. 9. Two-Axis or
Two-Degree-of-Freedom Gyroscope

rotation of the airframe about the input axis and is known as a single-axis
rate gyroscope, or simply a rate gyroscope.

Control of a missile requires measurement of either the missile attitude or
the rate of change of attitude, and the application of corrective torques. To
achieve satisfactory attitude control, it is essential that the correcting torque
for reducing unwanted oscillation in attitude after a gust be applied when
the vehicle is actually in rotation rather than when the next extreme attitude
error occurs. Thus the gyroscopes must be capable of rapid response and
should provide some anticipation of any change in attitude that is occurring.
Rate gyroscopes find good application here. If greater precision over a longer
period is desired, integrating gyroscopes may be used to supplement rate gyro-
scopes or, with modification of the output signal, in place of them.

For inertial guidance of a missile the displacement gyroscopes may find
application. Rapid measurement or anticipation is not necessary. But be-
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cause the stabilized platform of the guidance system must be kept precisely
fixed with respect to an inertial guidance frame of reference for a considerable
time, the gyroscopes mounted on the platform must be extremely precise and
capable of minimum drift over a long period of time.

Errors in gyroscopes. Because of the extreme precision required in gyro-
scopes for some of the ballistic missile applications, the possible errors of
these instruments are of extreme importance. One of the first necessities is
that the materials used in the gyroscope must be stable. Likewise any wear
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Fig. 10. Single-Azxis Gyroscope

Fig. 11. Rate Gyroscope

that occurs in bearings or rubbing surfaces must be such as not to introduce
any play or significant mass unbalance.

The gimbal assemblies must be sufficiently stiff, free from excessive in-
ertia, and precisely balanced about the gimbal axes so that no appreciable
torque will be produced on them by gravitational, inertial, or frictional
forces. The device for picking off signals must not exert significant torque
on any gimbal and must be insensitive to stray fields in the vicinity. The
motor used to position the gimbal must not exert any significant spurious
torque.

The rotor must be precisely balanced so that its vibration is reduced to a
minimum and so that no appreciable drift will result from externally applied
vibration that is approximately in synchronism with the rotor.
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The gyroscope must be designed for negligible wobbulation and nutation
drifts, or else it must be isolated so that these drifts will not occur. Wobbula-
tion drift occurs in a single-axis gyroscope when it is wobbled or vibrated so
that its input axis describes a conical surface; this drift, which occurs basically
because nonplanar angles do not add vectorially, can be influenced only to
small extent by the design of the gyroscope. A wobbling two-axis gyroscope
will not drift so long as the spin axis does not tend to follow the motion.
However, this may initiate a similar motion of the spin axis, called nutation,
that persists even after the original excitation ceases. Drift will then result
except when the spin axis is precisely perpendicular to the gimbal axes.

Applications of Computers

THE computers of interest in the ballistic missile programs are primarily
electrical and are of two types, analog and digital. The analog computer
receives its information in the form of voltages that are proportional to
corresponding variables of interest, such as the angles expressing the missile
attitude, and the forces or torques exerted by the atmosphere. These voltages
are applied to a network of electrical elements that are analogous to the
mechanical or other elements of the problem at hand or that perform
mathematical operations that are analogous to the operations performed by
these elements. The output signals of the computer provide the solutions to
the problem. The digital computer receives its information in the form of
counts that are related to the corresponding variables of interest and are
made, for example, by analog-digital converters. The digital computer carries
out arithmetic operations on these counts or numbers, except that it ordinarily
uses a binary rather than a decimal system of numbers to simplify the
requirements on its arithmetic circuits. The analog computer ordinarily finds
its application where rapid approximate computations are required. The
digital computer ordinarily is used where more precise computations must
be made.

Computers find application in the systems engineering of the missile as
well as in actual guidance. The analog computer finds more application in
the study and planning of the control system, and the digital computer finds
more in the study of the guidance systems, but there is no sharp dividing line.
For extreme realism actual mechanical elements of the control system, such as
servo valves or gyroscopes, may be substituted for portions of the computer.
Computers may also be used in the study of the effects of various phenomena
on the trajectory.

In the guidance of the missile the raw data yielded by its measuring
devices are not necessarily expressed with reference to a convenient coor-
dinate system, and so it may be advisable to have the computer perform a
coordinate transformation. In addition, the computer must either compute
the impact point of the missile or compare the data on the actual trajectory
with that for a standard trajectory and decide on corrective maneuvers.



Accessory Power Supply

THE accessory power supply (APS) of a modern ballistic missile is a system
that furnishes electric, hydraulic, and pneumatic power to other systems of
the vehicle on which it is installed. Specifically, on a long-range ballistic
missile, the accessory power supply furnishes electric power to the guidance
and the control systems during powered flight and, in some cases, during
prelaunching and conceivably also after thrust cutoft. It may also furnish
hydraulic and pneumatic power to
these and other systems of the missile.
Fig. 12 is a simplified diagram of a
typical APS assembly.

The great need for minimizing
weight in a long-range ballistic missile
indicates the use of a lightweight gas
gas generator «— hydraulic pump  turbine to supply the missile accessory

\ power requirements. The APS would

/ . exhaust valve then consist of a hot-gas generator, a

turbine with necessary gearing, alter-
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Fig. 12. Accessory Power Supply erators, and any required hydraulic
and pneumatic pumps. This power

unit is installed in the final stage in the case of a multistaged vehicle.

In a multistaged missile it would not be practical to use power from the
power plants of the various stages to drive the APS generators and pumps
because this would require duplication of the generating equipment on each
stage, thus increasing the weight. Furthermore such an arrangement would
furnish accessory power only while the engines are operating. A separate
APS, on the other hand, can be designed to furnish accessory power for any
desired period. Separate liquid or solid propellant for the gas generator
might be included in the APS. More commonly, however, the APS would
draw propellant from the main tanks.

The well-known battery-inverter type of power supply could be used to
supplement the gas-turbine type and conceivably might be developed sufh-
ciently to replace it. Although improvements in batteries will make them
more competitive with gas turbines as a primary power source, the choice
between the two types still depends largely upon the amount of power to be
generated and the duration of the operating cycle.

Problems Associated with Engine Development

THE development of liquid-propellant rocket engines for long-range ballistic
missiles poses both new problems and problems similar to those encountered
on other programs, but now on a larger scale. These problems may be
divided into two groups: those related primarily to engine design and
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operation and those primarily concerned with other systems on the vehicle.
Fig. 13 shows the main components of a typical liquid-propellant rocket

engine.
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Fig. 13. Components of Liquid-Propellant Rocket Engine

Among the first of the important engine design and operational prob-
lems to be solved is the selection of the proper propellant combination for
the particular application. This problem is discussed in the following section,
but is mentioned here because the characteristics of the propellants are
factors in determining engine design, just as in the case of other reaction
power plants. After selection of oxidizer and fuel, major design and develop-
mental problems likely to be encountered are conditions of power-plant
operation, for example chamber pressure, nozzle area ratio, and type of
injection; cooling system for the thrust chambers and gas generators; pro-
vision of the necessary degree of thrust control, including shutdown operation;
starting of the complete power plant, for example thrust buildup sequence
after ignition, simultaneous starting of several chambers, and altitude-start;
elimination or minimization of combustion instability; and mechanical de-
sign of major components such as the turbopump assembly.

Thrust control is required in a large rocket-propelled ballistic missile so
that the thrust may be kept within specified limits during the powered flight
and also terminated to achieve the precise thrust-cutoff velocity required to
strike the desired target. Reduction of combustion instability presents a
problem to the engine designer because such instability gives rise to severe
vibrations, over a wide frequency spectrum, that can damage not only the
engine but also the airframe and other components, resulting in malfunctions
and failures of equipment. Lastly, in multistage missiles, special engine
ignition problems result from the low ambient pressures and temperatures
existing at the extreme altitudes where stagings occur.

In the second group are those problems of rocket engine development
concerned with the entire power plant, with thrust steering, and with
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operational difficulties introduced by the use of more than one engine in a
single stage. The problems of engine installation and steering are intimately
related, for if the vehicle is to be steered by swiveling the thrust chambers,
the method of mounting the engines will be quite different from that used
when the steering is accomplished by other

means such as movable vanes in the jet exhaust. gas generator
The third item, operational difficulties, refers

to such matters as the need for attaining full >
take-off thrust before the missile is launched Sorbine
and the proper apportionment of propellant

§ gear train

accessary drive

flow to all the engines of each stage.
The advent of the ICBM class of weapon ‘/)
systems has given rise to several new design
concepts, attended by their special problems.
The major concepts are (i) the geared turbo- fuel pump
pump assembly (Fig. 14), which introduced oxfZstonuge
problems concerning gear-train design and a
separate lubrication system; (ii) thrust-chamber
nozzles with divergent sections of unusual length (Fig. 15) and unique con-
figuration, causing a fabrication problem of considerable magnitude;
(iii) propellant-control systems that ensure safe
thrust-buildup, an electronics design problem; and
(iv) multiengine power plants (Fig. 16). The geared
I? turbopump is more efficient than the older single-
shaft design and, in addition, provides extra drive
shafts for accessories such as a small hydraulic pump.
The need for rocket power plants of very large ca-
pacity, to operate at extreme altitudes, is the basis for design concepts (ii),
(iii), and (iv). Bringing several complete rocket power plants together to
obtain the required total thrust adversely affects reliability, missile control,
costs, and reduction of aerodynamic drag.
This listing of engine developmental problems is representative rather
than complete; there are many other problems, both major and minor.

Fig. 14. Geared Turbopump

Fig. 15. High-Ratio Nozzle
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Fig. 16. Multiengine Power Plant

However, progress in this relatively new propulsion field is rapid, and there
are reasons to think that satisfactory solutions to the various problems
involved will be forthcoming.



Selection of Liquid Propellants

IN THE choice of the propellant for a particular application, account must
be taken not only of the properties of the propellant components, but also
of the purpose of the vehicle to be propelled and the requirements on its
power plant. For ballistic missiles, bipropellants—liquid oxidizer and liquid
fuel—appear to be acceptable. Of the many available liquid combinations,
however, only a few turn out to be satisfactory, and none is ideal in all
respects.

Each propellant combination has its unique characteristics. These in-
clude performance characteristics, the physical properties of the component
liquids and their end products, and such considerations as safety and ease
of handling and storage, availability, and cost. Of primary importance are
the performance characteristics; if they are inadequate, the propellant cannot
be used, no matter how desirable its other characteristics may be. Further-
more the characteristics that do not directly affect performance can often be
compensated for or modified. For instance if a liquid component has a high
freezing temperature, thus complicating its use in low-temperature regions,
it may be possible to add some substance that will lower the freezing point
and yet not introduce unwanted side effects. Again, the corrosive action of a
highly active propellant component may be rendered negligible by resorting
to tanks and pipelines made of special materials. '

One performance characteristic of major interest is specific thrust, more
commonly called “specific impulse.” It is defined as the thrust (in pounds)
produced per unit time-rate of.flow of propellant (in pounds per second).
One can show that the specific thrust may be increased by raising the
temperature of the combustion products in the chamber, by reducing the
weighted average of their molecular weights, and, to a slight extent, by
reducing the ratio of their specific heats at constant pressure and at constant
volume. A high gas temperature can be obtained by using a propellant mix-
ture that yields a large quantity of heat per pound of mixture. The average
molecular weight of the combustion products is determined both by the
nature of the oxidizer and the fuel and by the ratio in which they are mixed.

The specific thrust will also be lowered if the combustion gases dissociate
into simpler molecules and atoms, because the dissociation requires energy
and thus reduces the amount available for conversion into the translational
kinetic energy of the exhaust stream. Where tests indicate that effects of
dissociation are appreciable, a change can be made either to a propellant
having more stable reaction products or to a lower gas temperature.

In addition to these basic requirements the densities of the propellants
should be high, for the tank structure can then be made smaller and lighter
and the liquids will also be easier to pump. Other desirable propellant
properties include rapid and reliable ignition of the mixture, high rate of
reaction, low vapor pressure, and low freezing point. Among the properties
creating possible hazards are chemical instability, corrosivity, flammability,
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and toxicity. In view of these many restrictions, one can see why the search

for suitable liquid combinations is a major problem of rocket research.
Significant advances with high-energy propellants may be forthcoming if

solutions can be found for the engineering problems of adapting such pro-
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Fig. 17. Temperature Gradients

pellants to rocket applications and of producing them on a commercial basis,
at acceptable prices. For ICBM propulsion significant increases in per-
formance and energy would result if reliable and practical rocket power
plants could be developed for even the commonly known high-energy
propellants, such as liquid fluorine and liquid hydrogen.

To reduce the rate of transfer of heat through the combustion chamber
walls, which is an acute problem in rocket engine design, several difterent
methods have been devised and are in use. One scheme, still under investiga-
tion, is to employ an oxidizer-fuel combination that will deposit on the
inner chamber wall an inert coating capable of providing good thermal
insulation and also of withstanding the scouring action of the hot gas flow.
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The graph in Fig. 17 illustrates the temperature gradients to be expected in a
regeneratively cooled thrust chamber provided with such an inert coating.

Propellant Utilization

PROPELLANT utilization is a problem that becomes important when a missile is

being fired for maximum range. The problem is (i) to ensure that the maxi-

mum amount of propellant available to the rocket engines is consumed by

them and (ii) to design the propellant feed system so that a minimum amount

of propellant is trapped and hence unavailable for consumption. For the

bipropellant rocket engines of current ballistic missiles, the problem is accen-

tuated, since the engines, because of various system and trajectory tolerances,

may consume one propellant component at a relatively faster rate. Thus

when this component is completely consumed, a portion of the other one

remains unburned. The effects of

residual propellant can be drastic. For

instance, a rough calculation shows

: that if one percent of the initial pro-

323?229 pellant weight remains unconsumed in

a vehicle designed to have a thrust-

cutoff speed of 25,000 ft/sec, the range

will be reduced by about 600 nautical

miles. Moreover to maintain this cut-

off speed of 25,000 ft/sec when one

sensing percent is unconsumed, the weight of

R i e propellant needed initially would be
! i almost doubled.

; Figure 18 shows the main elements
of a propellant utilization system. The
) most difficult problem is how to deter-
( mine the amounts of oxidizer and fuel

A . computer in the tanks at successive times during
powered flight. When the vehicle is
1 disturbed, as by a gust or by the control

t system, the resulting accelerations pro-
rocket duce in the propellant liquids slosh-
engine ing that may be appreciable even when
the tanks are equipped with baffles or
some other damping device. Thus the
determination of propellant levels by
conventional means is difficult, if not impossible. Measurements depending
upon dielectric properties of the tank contents appear to be impracticable
because of the severity of the liquid motions. However there are sensing
methods that offer promise, and these are receiving extensive study and tests.

Vortices may form in a liquid that is flowing from a tank, and this can

regulaton
valve 7

Fig. 18. Propellant Utilization System
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